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Abstract
Deep Radio Observations and the Role of the Cosmic Web in
Galaxy Evolution
Nicholas M. Luber
A current open question in the evolution of galaxies, is what are the
physical mechanisms that cut off galaxies from their primordial gas reservoirs,
resulting in the end of their star-formation capabilities? Recent observational
programs have shown that the properties of galaxies show dependencies on
their placement within the large-scale structure (LSS) of the universe. These
observations have motivated recent developments in theoretical work that
have shown how a galaxy’s interaction with the LSS may impact its connection to primordial gas supply, and ability to continue to accrete gas, the
fundamental ingredient in star-formation.
In order to investigate the role of LSS in galaxy evolution, we use data
from the COSMOS HI Large Extragalactic Survey (CHILES), a single pointing of the Very Large Array in the COSMOS field with the ability to detect HI
in galaxies out to a redshift 0.45. We introduce a fast imaging pipeline that
is able to produce science-ready image cubes of the CHILES data in a reasonable turnover time. This pipeline is applied to the full CHILES database and
produces data of excellent sensitivity with minimal imaging artefacts. Additionally, we introduce the CHILES Continuum Polarization Survey (CHILES
Con Pol), which is the most sensitive 1.4 GHz radio continuum survey, to
date, at 4.5” resolution. We discuss the survey design, data processing, and
comparison to other surveys taken in the COSMOS field and discuss their
complementary aspects.
Using these high quality sensitive radio data, and ancillary data from
the COSMOS survey, we investigate neutral hydrogen content and relative
star-formation rate for blue, lower mass spiral galaxies as a function of their
placement in their LSS, for two redshift bins. We find that the neutral hydrogen content for galaxies not near the spine of filaments, more than 2 Mpc
away, is lower in our low-z bin. We place this result in the context of recent
theoretical work and speculate that we are observing recent cosmic web detachment events for galaxies of these types, that result in the cutting-off of
galaxies from their primordial gas supply.
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Chapter 1
Introduction
“Astronomy? Impossible to understand and madness to investigate.”
—Sophocles, c. 420 BCE

1.1 Galaxies in the Universe
1.1.1 Discovery and Initial Characterization
In defiance of Sophocles, the investigation of the peculiarities of the cosmos
has persisted and flourished throughout the history of humankind, with our interest
and vigor of study redoubled each night when the planets, stars, and galaxies once
again reveal themselves to the naked eye.
Between the time of Sophocles and the present day, few such discoveries
are as fundamental to our understanding of the universe as Edwin Hubble’s finding
that some observed diffuse nebulae are at distances too far for them to be associated
with our own Milky Way galaxy, and thus must be independent galaxies (Hubble,
1929). Hubble’s discovery was made possible by using the tight correlation of the
intrinsic luminosity and period of variability for a class of star known as Cepheid
variables (Shapley, 1918). He measured the flux and periodicity of Cepheid variables
in several diffuse nebulae, and used the periodicity to calculate the total intrinsic
luminosity. The difference between this observed flux and intrinsic luminosity is
1

Figure 1.1 The classification of galaxies into types based on the distribution of optical
light as prescribed in (Hubble, 1926). Image credit to ESA/Hubble.

then used to derive the distances, that he argued, must be extragalactic.
In addition to the identification of these diffuse nebulae as extragalactic,
Hubble designed a classification scheme for these galaxies (Hubble, 1926). This
classification scheme is broadly divided into two types of galaxies, elliptical galaxies
and spiral galaxies. Elliptical galaxies are defined as galaxies that appear redder in
color, in comparison to spiral galaxies, and have an ellipsoidal optical light distribution. Spiral galaxies are defined as galaxies that are bluer in color, in comparison to
elliptical galaxies, and have their light distributed in a disk-type structure consisting
2

of a spiral arm pattern. Additionally, a distinction is drawn between spiral galaxies
that have barred structure in their central region, and galaxies that do not. These
distinctions are summarized in Figure 1.1, commonly referred to as the Hubble tuning fork (de Vaucouleurs, 1959). The point in which the elliptical branch forks into
the spiral branches is occupied by a population of galaxies identified as S0. These
galaxies have a blend of the properties of both spiral and elliptical galaxies. generally, they have an aging stellar population and little neutral gas supply, similar to
elliptical galaxies, while also having a prominent disk structure, such as with spiral
galaxies (Freeman, 1970; Sandage & Visvanathan, 1978; Temi et al., 2009).
The layout of the Hubble tuning fork has lent itself to an often used nomenclature of elliptical galaxies being referred to as early-type, and spiral galaxies being
referred to as late-type. These names, suggestive of evolution, reflect an assumption
that galaxies evolve left from right with early-type elliptical galaxies forming first
and as they evolve, structures are formed that eventually culminate in late-type
spiral galaxies. However, it is now held that this is not the case, but the names had
already taken root in astronomical literature and continue to be used.

1.1.2 Bi-modal Distribution of the Population of Galaxies
The distinction between late-type and early-type galaxies is perhaps best
seen in the bi-modality of their colors, specifically colors defined by magnitudes
in the near ultraviolet and optical bands (Baldry et al., 2004; Faber et al., 2007).
One commonly used color for these studies is the NUV-R color, which is the mag-

3

nitude difference between the Near Ultra-Violet band, and the R-band, as defined
by the standard Johnson filters (Laigle et al., 2016). The NUV-R colors of galaxies are distributed such that early-type galaxies have a larger value for the NUV-R
color, typically between NUV-R=4-6, corresponding to a redder color, and late-type
galaxies have a smaller value for the NUV-R color, typically between NUV-R=0-2,
corresponding to a bluer color. This gap between them, NUV-R color of approximately NUV-R=2-4, is populated by very few, though interesting, so-called “green
valley,” galaxies (Brammer et al., 2009; Schawinski et al., 2014). Additionally, if
NUV-R is plotted as a function of absolute R-band magnitude, the late-type galaxies are, on average, fainter than early-type galaxies, although there is significant
overlap in the R-band magnitude distribution, thus further delineating the two populations (Blanton & Moustakas, 2009). This color distribution corresponds to the
relative ages of the stars in a galaxy, insofar as the redder colors trace older stellar
populations, and the bluer colors trace younger stellar populations. This gives rise
to the common phrase of elliptical galaxies being ”red and dead” and spiral galaxies
being ”blue and star-forming.”
The color-magnitude relationship is a succinct expression of the differences
between spiral and elliptical galaxies, but there are other differences of note. One
key difference is the cold gas properties of these two populations. Spiral galaxies
have large reservoirs of atomic neutral hydrogen (HI) and molecular hydrogen (H2 ),
while elliptical galaxies do not. These gas reservoirs are important, as they allow
for a continued supply of the fuel for star formation. In fact, Kennicutt (1989, 1998)
were able to correlate the density of gas with the star-formation rate for 61 nearby
4

spiral galaxies, which built on the earlier work of Schmidt (1959) for our Milky
Way. This correlation, now dubbed the Kennicutt-Schmidt law, is a fundamental
relationship for galaxies and can be seen across several orders of magnitude in both
gas mass and star-formation rate. The Kennicutt-Schmidt law is often given in the
following form:
ΣSFR ∝ ΣN
gas .

(1.1)

This formalism has the surface density of the star-formation rate (left hand side)
proportional to the surface density of gas raised to some power, N, (right hand
side), which in Kennicutt (1998) is found to be 1.4 for 61 nearby spiral galaxies.
The Kennicutt-Schmidt law neatly encapsulates the fact that spiral galaxies have
measurable star-formation due to the presence of cold gas, while elliptical galaxies
and their lack of gas, have very little star-formation.
In addition to cold gas supply, early and late-type galaxies differ in their
internal kinematics. Spiral galaxies are rotation supported, while elliptical galaxies
are dispersion supported. These two facts are supported by the discovery of two
scaling relationships, Tully-Fisher for spiral galaxies (Tully & Fisher, 1977), and
Faber-Jackson for elliptical galaxies (Faber & Jackson, 1976). In Tully & Fisher
(1977), they find a tight correlation between the HI line width and the luminosity
of a galaxy. This correlation has been further improved, defined as lowering the
scatter in the relationship, by using total baryonic mass, as opposed to a single
optical band (McGaugh et al., 2000). In elliptical galaxies, the analogous relationship has been developed, but relating total luminosity, and the velocity dispersion

5

of the stars (Faber & Jackson, 1976). In the following equations, we show the two
relationships, Tully-fisher (left) and Faber-Jackson (right), as simple single power
law proportionalities with, in each case, luminosity scaling as velocity to the fourth:

4
LS ∝ vrot
,

4
LE ∝ σdis
,

(1.2)

where LS and vrot are the luminosity and rotational velocity for spiral galaxies, and
LE and σdis are the luminosity and velocity dispersion for elliptical galaxies. is
the luminosity However, the Faber-Jackson law has a significantly higher intrinsic
scatter, and there is some evidence that it may be better suited to be a broken power
law. The importance of this being, that a break in the power law distribution may
provide evidence for different mechanisms by which elliptical galaxies acquire mass
(Kormendy & Bender, 2013).

1.1.3 The Impact of Environment
The internal properties are not the only differences between early- and latetype galaxies. The relative abundance of the types of galaxies is also known to
correlate with the environment of the galaxy. More specifically, it has been shown
that as you move toward the central regions of galaxy clusters, gravitationally bound
collections of galaxies that can range from 100s to 1000s of member galaxies, the ratio
of elliptical to spiral galaxies increases (Dressler, 1980). Moreover, this relationship
can be extrapolated on to a galaxy’s local environment, where an increase in local
galaxy density correlates with an increased elliptical to spiral ratio (Baldry et al.,
6

2006). This difference in environment is a key piece of information for the difference
in formation and evolution of these two different galaxy types.
The environment of a galaxy has also long been shown to affect a galaxy’s gas
supply. The physics of some of the mechanisms by which galaxies lose their supply of
cold gas in the cluster environment are well understood. For example, the stripping
of gas in galaxies via ram-pressure (Gunn & Gott, 1972). Ram-pressure stripping
is an interaction between the Intra-Cluster Medium (ICM) of galaxy clusters and
the gaseous components of galaxies that causes gas to be removed from the plane
of a galaxy (Kenney et al., 2004; Chung et al., 2009). Ram-pressure stripping can
happen in a galaxy when the ram-pressure from the ICM exceeds the anchoring
force of the galaxy, shown by the following inequality:

ρICM v 2 > 2πGΣ∗ Σgas .

(1.3)

In this inequality, ρICM is the density of the ICM, v is the velocity of the galaxy
in the cluster’s rest frame, and on the right, Σ∗ and Σgas correspond to the surface
density of the stars and gas, respectively, for the galaxy of interest. This inequality
illustrates how low mass galaxies, those with the lowest anchoring force, moving
quickly through a dense ICM, are the galaxies most likely to lose their neutral gas
via ram-pressure stripping. Similar to this, is strangulation, in which the interaction between a galaxy’s halo gas and the ICM causes the halo gas to be stripped
from the galaxy resulting in a slow transition into a cessation of star-formation
(Bekki, 1998; Bekki et al., 2002). Another mechanism of particular interest in the
7

cluster environment is harassment, in which high speed interactions transform latetype galaxies into early type galaxies (Moore et al., 1996). These different physical
mechanisms offer explanations for the relationship between star-forming galaxies to
passive galaxy ratio and density.
The known effects of environment on a galaxy’s access to its gas supply creates a natural motivation for the investigation of whether or not a galaxy’s placement
in the large-scale structure (LSS) of the universe affects its evolution. The largescale structure of the universe has been long observed, first in de Lapparent et al.
(1986) and subsequently in large redshift surveys, e.g. 2-degree Field Galaxy Redshift Survey (2dFGRS, Colless et al., 2001), the Sloan Digital Sky Survey (SDSS,
York et al., 2000), the 6-degree Field Galaxy Survey (6dFGS, Jones et al., 2009),
the Galaxy And Mass Assembly Survey (GAMA, Driver et al., 2011), and the COSMOS Survey (COSMOS, Scoville et al., 2007), and has been shown to be reproduced
in large-scale cosmological simulations (Springel et al., 2005; Popping et al., 2009).
Observations have shown that the more massive and red galaxies reside closer to the
spine of the LSS, the cosmic web, as compared to less massive blue galaxies (Kuutma
et al., 2017; Kraljic et al., 2018; Laigle et al., 2018; Luber et al., 2019). Additionally,
there has been work to investigate the HI content of galaxies as a function of their
placement in the cosmic web (Kleiner et al., 2017; Crone Odekon et al., 2018) and
the HI kinematics of galaxies and their alignment with the orientation of the cosmic
web (Blue Bird et al., 2020; Tudorache et al., 2022), but more work is needed before
these relationships can be fully understood.
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1.1.4 Evolutionary Framework
The standard picture of galaxy evolution exists within the paradigm of
Lambda Cold Dark Matter (LCDM, White & Rees, 1978; Blumenthal et al., 1984)
which is a theory of galaxy evolution that involves hierarchical structure formation
via galaxy mergers. In LCDM, the the universe is constituted of cold dark matter (CDM), baryonic matter (b), radiation (γ), curvature (k), and an accelerating
agent, often referred to as dark energy, (Λ). In a non-static universe, these parameters relate to the size of the universe, denoted by the dimensionless scale factor,
a, which is normalized to be 1 at the current epoch and decreasing with increasing
look-back time, with ȧ corresponding to the time derivative of the scale factor, in
the following manner given by the Friedmann Equation:

 2
ȧ
H (a) =
= H02 (Ω0,Λ + Ω0,k a−2 + (Ω0,CDM + Ω0,b )a−3 + Ω0,γ a−4 ) .
a
2

(1.4)

In this equation, the five uppercase omegas represent the ratio of the density of the
different components of the universe, dark energy (Λ), curvature (k), Cold Dark
Matter (CDM), baryonic matter (b), and radiation (γ), respectively, to the critical
density of the universe. The subscript zero denotes that we are considering these
densities at the present day. The universe has been shown to be, or very close to,
flat, which implies that Ωk = 0. Additionally, astronomers often use cosmological
redshift, denoted with z, instead of the scale factor, when discussing the epochs of
the universe. The relationship between cosmological redshift and the scale factor,
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a, is:
1+z =

1
.
a

(1.5)

Cosmological redshift is a useful quantity because it tells us by how much the observed emission from galaxies is redshifted due to cosmological expansion. With
these definitions, the LCDM model description of cosmology is described as:



H(z)
H0

2

= Ω0,Λ + (Ω0,CDM + Ω0,b )(1 + z)3 + Ω0,γ (1 + z)4 ) ,

(1.6)

using the terms defined in the previous equations. Using this framework, we assume
a standard flat universe (Ωk = 0.7) with H0 = 70, ΩΛ = 0.7 and Ωb+CDM = 0.3, for
all subsequent calculations with cosmological considerations.
In a LCDM universe dominated by cold dark matter and expanding agent
dark energy, White & Rees (1978) postulate a theory of galaxy evolution in which
primordial dark matter halos continue to grow via merging. The merging of these
halos results in gas falling into the potential well of the merged galaxy, being shock
heated to the virial temperature of the galaxy, and then cooling in falling into a
rotationally supported disk. This slow cooling of gas after it has been accreted is
referred to as hot mode accretion. However, this paradigm is not without issues, one
of the most outstanding of which is the failure to replicate the observed quantities
of dwarf galaxies. Specifically, in Klypin et al. (1999) the authors find that LCDM
has over predicted the number of dwarf galaxies that should be observable in the
Local Group by a factor 6. Although they do offer suggestions of this being a result
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of dark satellites, or differing identifications of Local Group gas clouds, it is not
enough to fix this discrepancy.
More current theoretical work has highlighted the importance of a different
avenue of gas accretion, referred to as cold mode accretion. In cold mode accretion
galaxies accrete gas from primordial gas reservoirs beyond the virial radius of the
galaxy through filamentary structures. This theoretical work has shown that cold
mode accretion dominated at higher redshifts, corresponding to earlier in the universe, but is currently the dominant form of gas accretion and galaxy growth in the
current epoch for galaxies at smaller masses (Kereš et al., 2005, 2009). These different modes of accretion can be used to explain the bi-modal distribution of galaxies
in the current epoch. As previously mentioned, early-type galaxies are, on average,
of higher mass and older stellar population, which fits an evolutionary narrative in
which they formed via merging and hot mode accretion in the early universe, were
cutoff from their gas supply, and then continue to redden. Conversely, lower mass
spiral galaxies are still able to accrete gas via cold mode accretion and thus continue
to form stars and retain their blue color.
In order for a framework of galaxy evolution to be self-consistent, it must
also include the physical mechanism by which galaxies are cut off from their gaseous
reservoir. One common prescription by which galaxies lose their ability to accrete
gas is winds from supernovae or active galactic nuclei (AGN). The winds from AGN
and supernovae are theorized to be able to accelerate and push gas out of galaxies
such that they cannot condense in galaxy disks and an appropriate environment for
star formation (Silk & Rees, 1998; Di Matteo et al., 2005; Fabian, 2012). Specifically,
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in Silk & Rees (1998), they provide the following equation:

8



MBH = 8 × 10 γ

σ
500km/s

5
M .

(1.7)

This equation correlates the appropriate central supermassive black hole mass, MBH ,
necessary to drive out gas, in terms of the ratio of gas to cold dark matter fraction
and the luminosity of the black hole output, encapsulated within the γ factor, and
the velocity dispersion, σ, around the central black hole. For typical values for a
galaxy, Silk & Rees (1998) argue that active black holes larger than approximately
107 M could contain sufficient energy to blow the gas out of galaxies, depending
on the geometry of the outflows. In this prescription, the buildup of galaxies and
their central supermassive black holes become the dominant mechanism by which
star-formation is turned off.
The well understood effect of the environment on a galaxy’s gas supply,
described in Section 1.1.3, motivates a specific theoretical investigation into the
effect of a galaxy’s placement in the LSS on its evolution. One such theoretical study
designed to probe this is the Cosmic Web Detachment model (CWD, Aragon Calvo
et al., 2019). In the CWD framework, the process by which a galaxy is cutoff from its
primordial gas supply is defined as a cosmic web detachment event, which could be
a major or minor merger, or cutoff from the gas supply in filaments. The simulation
in Aragon Calvo et al. (2019) that uses this prescription is able to produce galaxies
that are merging, and being cutoff from gaseous reservoirs in filaments, at rates in
good agreement with modern observations and theory. However, observations are
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needed to justify this prescription as opposed to gas supply being cutoff from AGN
feedback, or some other mechanism, acting serendipitously with these cosmic web
detachment events.

1.2 Observations of the Radio Sky
A complete understanding of the properties of galaxies, and their evolution,
is reliant on extensive observations across the entire electromagnetic spectrum, from
the most energetic gamma rays, to the longest radio waves. Emission at the shortest wavelengths, gamma rays, are utilized to understand the pervasiveness of cosmic
rays, high energy particles from AGN and supernovae. The X-ray and ultraviolet
bands can be used to observe the hot ionized gas in galaxy cluster centers, circumgalactic media, and around star-forming regions. The near-ultraviolet, optical, and
infrared are the preferred bands for observations of the stellar distributions of galaxies, due to the peak of stellar radiation at these wavelengths, and the infrared band
contains many signatures of emission from dust in galaxies. The sub-millimeter and
radio bands can be used to detect different phases of gas, signatures of AGN, and
magnetic fields. This is, of course, not a complete summary of every observable at
every electromagnetic band, but an overview to illustrate that full coverage across
the electromagnetic spectrum is pivotal for the understanding all of the astrophysical
mechanisms that play a role in the life-cycle of galaxies.
The sky observed at radio wavelengths, approximately defined as spanning
frequencies from 10 MHz to 1 THz, is rich with information from galaxies near and
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far. Serendipitously, a significant portion of these frequencies are not affected by
the atmosphere of the Earth, allowing for a ground-based unobstructed view of the
universe at these frequencies. These frequencies are commonly observed by both
single dish telescopes, i.e. the Green Bank Telescope, Five hundred meter Aperture
Spherical Telescope, Large Millimeter Telescope, etc., and interferometric arrays of
dishes, i.e. the Very Large Array, Atacama Large Millimeter Array, MeerKAT, etc.
Single dish telescopes are able to produce sensitive total power maps at modest resolution, for the scales necessary for extragalactic astrophysics, and interferometric
arrays are able to use the principles of aperture synthesis to make maps of excellent
angular resolution. In one specific regime, 1-2 GHz or 30-15 cm, commonly referred
to as L-band, radio telescopes observe emission from some of the most important
observables essential to forming a complete understanding of galaxy evolution, emission from atomic neutral hydrogen, and radio continuum emission from AGN and
star-formation.

1.2.1 Atomic Neutral Hydrogen
Hydrogen is the most ubiquitous element in the universe, and subsequently
the most abundant element in the interstellar medium (ISM) of galaxies. In the ISM
hydrogen can be found in its singular neutral form (HI), molecular form (H2 ), and
ionized form (HII). In order to understand star-formation, we need to understand
the gas of galaxies, specifically H2 , as star-formation occurs in clouds of H2 . Unfortunately, the H2 molecule has no permanent dipole moment, unlike CO in which
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the permanent dipole moment creates emission in the sub-millimeter, and its other
emission lines are either weak, in parts of the electromagnetic spectrum that make
them difficult to observe, or require higher temperatures necessary for excitation,
than the temperatures of clouds that H2 is found in. However, H2 exists within
larger reservoirs of atomic neutral hydrogen allowing for the observation of HI to be
indicative of a galaxies supply of gas for star-formation. Additionally, HI is more
easily disturbed by interactions than the stars in a galaxy, and can be used to trace
what forces may be acting on a galaxy.
Atomic neutral hydrogen is observable via the hyperfine structure line, a
source of emission caused by the interaction between the intrinsic spin of the proton and electron. When the spins spontaneously change from aligned, which is
referred to as the excited state, to anti-aligned, the ground state, a low-energy photon, approximately 9.4×10−25 Joules, is emitted at a frequency of 1.420405 GHz.
This frequency corresponds to an approximate emission wavelength of 21 cm, which
gives rise to the common name of HI emission as the 21cm line. The hyperfine
structure transition has a very long half-life, of order 11 million years, which makes
the detection of this emission in a lab setting impossible (Griffiths, 1995; Condon
& Ransom, 2016). However, keeping in mind that hydrogen is the most abundant
element in the ISM, there exists enough neutral hydrogen in spiral galaxies in the
local universe that it can be detected with reasonable exposure times on radio telescopes (Ewen & Purcell, 1951). Unfortunately, the HI content of elliptical galaxies
and higher redshift galaxies (redshifts greater than 0.1) is usually too low for the
weak HI emission to be detected without long exposures.
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In order to calculate the total HI mass from observations, there are several
key assumptions that must be made. First, that the optical depth of HI is much
less than one, such that the emitting gas can be said to be optically thin. Optical
depth is the integral of the absorption coefficient along the line of sight, and the
absorption coefficient is directly related to the frequency of the hyperfine transition,
number density of hydrogen, and indirectly related to the emitted frequency and
spin temperature of the gas. If realistic values for spin temperature, for example
100 K, are used, the optically thin assumption is valid. Second, is that the emission
is in the Rayleigh-Jeans limit regime, which is determined by whether or not the
following inequality is satisfied:

hνemit
1,
kTs

(1.8)

where νemit is the frequency of emission, Ts is the spin temperature, and h and k are
the Planck and Boltzmann constants, respectively. For an emission frequency of 1.4
GHz and assumed spin temperature of 100 K for neutral hydrogen, the condition
is met. With the Rayleigh-Jeans limit being satisfied, it becomes that the observed
radio telescope brightness temperature is directly related to the spin temperature
and the optical depth. However, given the fact that the optical depth is indirectly
related to the spin temperature, as mentioned above, the number density of hydrogen
depends only on the brightness temperature of the telescope integrated over all
velocities with emission, and a collection of physical constants (Condon & Ransom,
2016).
16

The result of the number density of hydrogen is not the most useful number
for investigating total HI content of a galaxy, resulting in astronomers typically
expressing total HI mass, MHI by the following equation:

MHI =

2.36 × 105 2
DL S M .
(1 + z)2

(1.9)

In this equation, The DL corresponds to the luminosity distance from Earth to
the galaxy in Megaparsec, and the factor of (1+z)2 corresponds to the corrections
necessary due to the assumed cosmology. The S corresponds to the integral of the
observed power by the telescope, commonly referred to as the flux of the source,
in each velocity channel over all velocities in which emission is present, in units of
Jansky kilometer per second. The resulting HI mass is given in units of solar masses.
The observation of neutral hydrogen allows for the measurement of the HI
mass and kinematics of a galaxy. Spiral galaxies rotate on the order of 100 km
s−1 which causes the HI emission to be observed over a range of frequencies as
the emission can be shifted in frequency by the Doppler effect. We only have this
information for the line-of-sight of an observation, meaning we can only measure
velocity in the direction of the sky and not the velocities moving left or right, or
up and down on the sky. For example, if we take a simple rotating disk and view
it edge on, due to rotation of 100 km s−1 one side will be approaching us at 100
km s−1 and the other will be receding from us at 100 km s−1 . This causes the HI
emission to be spread over several frequencies, usually between 0.5 - 2 MHz, that
correspond to these different velocities.
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Figure 1.2 An example of HI data products for a high signal-to-noise galaxy detection
from the data to be described in Chapter 2, COSMOS2008 ID 1197518. Top Left:
The HI morphology overlaid on the HST cutout image for the galaxy with contours
corresponding to 2.5, 5.0, 10.0, 20.0, 30.0 × 1020 atoms cm−2 . Top Right: The
same HI contours overlaid on the line-of-sight velocity map of for COSMOS2008 ID
1197518. The colormap corresponds to the velocities corrected for the systematic
velocity of the system. Bottom: The integrated flux spectrum taken over the source
as a function of observed frequency.
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As a result of HI being distributed in both the plane of the sky, and in
frequency, HI data is often presented as a three dimensional “cube” of data. When
visualizing a galaxy, we choose a plane to view, and an animation axis that we can
step through. For example, we may choose to look at the plane of the sky and
then step through the cube channel by channel which allows us to see how different
locations in the sky are emitting HI at different velocities. To visualize total HI
content and kinematic information, two common data products to produce are, a
map showing the sum of the intensity in all channels with emission (shown in the top
left panel of Figure 1.2), and a map of the intensity weighted velocities over which
there are emission (shown in the top right panel of Figure 1.2). From these two
maps, you can see the total distribution of HI in the plane of sky, and the average
velocities at which different areas of that distribution are moving. Additionally,
the HI flux spectrum (shown in the bottom panel of Figure 1.2) can be used to
understand asymmetries in the HI kinematics. Using these methods and Equation
1.9, it becomes possible to study the HI content and kinematics of a galaxy through
observation of the 21cm line with radio telescopes.

1.2.2 L-Band Radio Continuum
The observation of radio continuum emission at frequencies between 1 and
2 GHz can provide for important insights into the properties and evolution of galaxies. At these frequencies, the dominant form of continuum emission comes from
synchrotron radiation. Synchrotron radiation comes from the acceleration of super-
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relativistic electrons, defined as electrons with a Lorentz factor much greater than
one which happens for electrons moving close to the speed of light, due to a magnetic
field (Condon & Ransom, 2016). The average power radiated by a single charge that
is being accelerated in the non-relativistic limit is given by the Larmor equation. A
version of the Larmor equation that accounts for relativistic effects is given as:

hP i ∝ γ 2 UB ,

(1.10)

where γ is the Lorentz factor for a relativistic particle, which increases as velocity
of the particle increases, and UB is the magnetic energy density. This equation,
and the fact that power is directly related to the particle velocity and ambient
magnetic field, illustrates how a particle moving faster, or in a stronger magnetic
field directly increases the observed power. Therefore, in any setting in which there
is a presence of both super-relativistic electrons, and a sufficiently strong magnetic
field, radio observations at L-Band can be used to parameterize the synchrotron
radiation strength.
One such physical scenario that produces sufficiently relativistic particles for
synchrotron radiation are particles that are ejected from supernovae, which can then
be accelerated in the ambient magnetic field of a galaxy. These supernovae are the
end stage for the life cycle of large, hot OB stars with short life spans. Additionally in
L-band, radio emission can arise from free-free magnetobremsstrahlung emission, in
which gas is ionized by the same hot, young OB stars that will soon go supernovae.
This results in L-band having emission related to star-forming regions from both
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thermal sources, the free-free magnetobremsstrahlung emission, and the non-thermal
sources, the synchrotron emission. At 1 GHz it is assumed that non-thermal emission
accounts for approximately 90% of the emission, but this can vary from region to
region.
In the infrared, star-formation is traced by the heating of dust through high
energy photons from hot, young stars which is then re-radiating by these dust particles in the infrared. The idea that both the radio continuum flux and infrared
can both trace star-formation is well supported by the fact that the fluxes in these
two bands are very tightly correlated, known as the FIR-Radio correlation (Condon,
1992; Yun et al., 2001; Bell, 2003). This implies that although it can be hard to
disentangle the source of radio continuum emission, the aggregate emission still well
traces the amount of star formation. Radio continuum is an appreciated measure of
star-formation as it is unobscured by dust, unlike measurements of star-formation
that rely on optical wavelengths, and is easily observed from Earth, unlike observations in the ultraviolet or infrared. Thus, sensitive observations of radio continuum
in star-forming galaxies can serve as excellent measurements for the study of the
star-formation rate history of the universe.
Active galactic nuclei have long been known to be sources of exceedingly
strong power at radio frequencies (luminosities greater than 1025 W). The source of
this radio power for these AGN is the accretion of material into supermassive black
holes located in the centers of galaxies. This accretion can produce giant lobes with
strong magnetic fields and super-relativistic electrons, making them ideal sources of
synchrotron radiation. As a result, the identification and characterization of these
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lobes can help to constrains models of AGN formation and evolution. Additionally, the morphology of these large radio lobes can be used to provide insight into
the density distribution of the hot inter-galactic medium, as well as the magnetic
field properties of the inter-galactic medium (Fanaroff & Riley, 1974; Hardcastle
& Croston, 2020; Müller et al., 2021). These studies are essential to the study of
the evolution of galaxies, as they provide important statistics on the redshift distribution and formation of AGN, as well as indirect tracers of the hot inter-galactic
medium commonly found in the cores of galaxy clusters.

1.3 Dissertation Outline
In this dissertation, we study the effect of the large-scale structure of the
universe on the properties and evolution of galaxies by comparing the neutral hydrogen content and star-formation rates of galaxies at different distances from the LSS,
as a function of redshift. This study uses radio spectral line and radio continuum
data from the COSMOS Large HI Extragalactic Survey (CHILES) and the CHILES
Continuum and Polarisation Survey (CHILES Con Pol), respectively. These two
surveys are taken simultaneously by the Very Large Array in its B-configuration.
CHILES and CHILES Con Pol reflect the most sensitive HI and radio continuum,
respectively, observations at their exquisite resolution, to date. Additionally, the
CHILES data has continuous frequency coverage allowing for the detection of neutral hydrogen in galaxies over the past 4.5 billion years, approximately a third of the
age of the universe. It is with this unprecedented sensitivity and redshift coverage
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that our study is made possible.
In Chapter 2, we introduce a fast spectral line imaging pipeline implemented
for the CHILES data. We describe the pipeline, and additional Fourier filter radio
frequency interference flagging, and discuss its success in making a science-ready HI
database with a quick turnaround time. In Chapter 3, we discuss the observational
setup, calibration, imaging, and resulting total intensity image for the CHILES
Continuum Polarisation data. In this discussion, we include a comparison with
other radio surveys of the same field and the detection limit implications of CHILES
Con Pol for astrophysical sources. These two chapters serve as a description of the
data used for our investigation into the large-scale structure’s impact on galaxy
evolution. This is explored in Chapter 4, where we use stacking methods to find
the average HI content and star-formation rates for galaxies in different large-scale
environments, for two different redshift bins. These results are then discussed in
the context of other similar experiments and theoretical frameworks regarding the
evolution of galaxies. Lastly, in Chapter 5, we offer summarizing remarks and plans
for future investigations.
At its conclusion, this dissertation will hopefully have properly stimulated
your interest into the evolution of galaxies and radio astronomy, shed some light on
the role of the large-scale structure of the universe in galaxy evolution, and convinced
you that 1000 hour surveys with radio interferometers, while endlessly frustrating,
are definitely worth it.
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Chapter 2
A Fast Imaging Pipeline for an HI Deep Field with the VLA
Abstract
The COSMOS HI Large Extragalactic Survey (CHILES) is an atomic neutral hydrogen (HI) deepfield taken with the Karl G. Jansky Very Large Array
(VLA) that has the ability to detect neutral hydrogen in individual galaxies
out to a redshift of 0.45. The CHILES project faces several challenges such
as, the large data volume, extensive radio frequency interference (RFI), and
image artefacts from sources far outside of the VLA field of view. To address
these for image creation, we use a simple multi-step, multi-scale imaging and
continuum subtraction process, that combined with Fourier filtering, produces
science quality data products. To reduce the final data volume, we bin and
average data in the uv-plane to create a singular final uv database. The final images are close to the theoretical noise, except for the frequency range
most affected by RFI, but never deviates from theoretical noise by more than
a factor of two. The entire processing can be done on a High Performance
Computing Cluster in approximately 28 days using 256 GB of memory. We
show the HI morphology for two previously published example galaxies to
demonstrate the ability of this method to produce science quality data products.
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2.1 Introduction
The observation and characterization of the atomic neutral hydrogen (HI)
content of galaxies is crucial for the development of a fully predictive theoretical
model of galaxy evolution. Neutral hydrogen has been studied extensively in the
local universe in a range of galaxy types and environments. In clusters of galaxies, spiral galaxies have been shown to be HI deficient (Haynes & Giovanelli, 1986;
Solanes et al., 2001; Cortese et al., 2011), and have compressed HI morphologies,
or extra-planar HI gas, as a result of ram-pressure stripping from the Intra-Cluster
Medium (Gunn & Gott, 1972; Kenney et al., 2004; Chung et al., 2009; Poggianti
et al., 2017). In low density regions, or cosmic voids, spiral galaxies are shown to
have extended HI morphologies (Kreckel et al., 2012). Additionally, the HI component of galaxies has been characterized for elliptical galaxies (Huchtmeier, 1994;
Morganti et al., 2006), as well as a range of dwarf galaxy morphologies (Swaters
et al., 2002, 2009). Lastly, the effect of interactions, and group dynamics on the
neutral hydrogen content and distribution in galaxies has been extensively studied
(Barnes & Hernquist, 1991; Hibbard & van Gorkom, 1996; Pearson et al., 2016; Hess
et al., 2017).
Despite the wealth of HI observations for galaxies in different environments
and different morphological types in the local universe, it has been extremely challenging to directly measure HI emission in individual galaxies beyond z > 0.1. Some
work has been done beyond this redshift, for example, the HI detection of a cluster galaxy at z=0.18 in Zwaan et al. (2001), the HIGHz Arecibo survey which

25

measured massive galaxies in the redshift range 0.17 < z < 0.25 (Catinella et al.,
2008; Catinella & Cortese, 2015), and the Blind Ultra Deep HI Extragalactic Survey
(BUDHIES, Jaffé et al., 2013; Gogate et al., 2020) which measured HI emission in
two galaxy clusters out to z ≈ 0.2. Observations of individual galaxies beyond the
local universe are crucial in understanding the assembly of present day galaxies.
For example, observationally, the star formation rate density has decreased by a
factor three from a redshift z = 0.5 to the present day (Hopkins & Beacom, 2006),
and theoretically, it has been show that the dominant mechanism by which galaxies
gain their gas, hot vs. cold mode accretion, depends on both local environment and
redshift (Kereš et al., 2005).
To address these questions, the COSMOS HI Large Extragalactic Survey1
(CHILES) team proposed and received 1027 hours of Karl G. Jansky Expanded Very
Large Array (VLA) time in the VLA B-configuration, with a frequency coverage
allowing us to detect HI out to a redshift z ≈ 0.5. The first 178 hours of CHILES
data have been successfully used to perform several different science verification
studies. Fernández et al. (2016) present the highest redshift direct detection of HI
in emission at z = 0.376 and find a galaxy with an unusually high star-formation
rate for its stellar mass. Hess et al. (2019) demonstrate that even in a frequency
range severely affected by radio frequency interference (RFI), there are stretches
where galaxies can be detected with reliable extended morphologies. Blue Bird
et al. (2020) investigate the spin alignment of nearby galaxies with respect to the
orientation of the cosmic web filaments, as traced by the Discrete Persistent Source
1

VLA project 13B-266.
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Extractor (DisPerSE, Sousbie, 2011a) algorithm, customized by Luber et al. (2019)
for the CHILES survey. In addition, in Dodson et al. (2022) we develop a very
successful imaging routine using the first 178 hours of CHILES data that utilizes
an LST-dependent uv-based modelling and subtraction for sources that are beyond
the half-power point of the VLA primary beam. This routine relies on the large
computational resources available through Amazon Web Services (AWS) and the
computing framework introduced in Wu et al. (2017), as it is too computationally
expensive to be run on more local computing clusters (Dodson et al., 2016).
The calibration and imaging of the CHILES data is complicated by the large
volume (approximately 220 TB of raw data), and being taken over six years2 while
requiring regular checks on the quality of the calibration and imaging. Additionally,
our observations extend beyond the protected bands for radio astronomy resulting
in some of the bandwidth being significantly affected by RFI. As more data were
calibrated and we integrated deeper, low level image artefacts, such as residual sidelobes from a source three degrees from the field center, were affecting the science
field. As a result, it became apparent that a quick turn around to assess data and
image quality was necessary in order to make informed decisions about how to proceed with data processing. In order to address these issues, here we introduce a
quick and efficient imaging routine, that produces science quality data. The technique we introduce in this work does not make all the appropriate considerations
that Dodson et al. (2022) does, but produces data cubes with a quick turnaround
time that can be used to assess data quality, as well as for scientific pursuits.
2

Beginning in November 2013 and ending in April 2019

27

This chapter is structured as follows, in Section 2.2, we introduce the CHILES
data properties and in Section 2.3, we introduce the continuum subtraction routine
we implement, as well as a uvbinning based flagging algorithm. In Section 2.4, we
discuss the effects of the results on HI detection, and explore strengths and weaknesses of this routine.
Observation Parameter

Value

Target Pointing
10h01m24s +02◦ 21’00’a
Observation Dates
2013/10/25 - 2019/04/11b
Total Integration Time
1027 hrsc,d
Bandpass Calibrator
3C286
Complex Gain Calibrator
J0943–0819
Dump Time
8s
Spectral Window Setup
15 x 32MHz
Channel Width
15.625 kHz
Continuous Frequency Coverage
960 - 1420 MHz
Restoring Beam
5.5” - 8.0”e
Table 2.1 A table summarizing the observational parameters of the CHILES Survey.
a

In the J2000 coordinate standard.
The observations were taken over five different epochs, corresponding to five consecutive VLA-B
array configurations. This results in the observations being taken over different parts of the year
and having a mix of both day and night time observations.
c
The total integration time is split amongst the five observing epochs with 188, 220, 190, 237, 192
hours, respectively.
d
Individual sessions have total observation times ranging from 1 - 8 hours, with a mean time of
4.75 hours.
e
The range of major beam axis lengths. The size increases within this range with decreasing
frequency.
b

2.2 Summary of Data
A brief tabulated summary of the properties of the observations, including
the pointing, observing times, instrumental setup and calibrators, can be found in
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Table 2.1.
The CHILES observations were taken with the VLA in its second most
extended array, the B-configuration. The VLA B-configuration has a maximum
baseline length of ≈11km, corresponding to an angular resolution on the sky of 5.5”
to 8.0” at 1420 and 960 MHz, respectively, which in astrophysical terms corresponds
to a physical resolution of 0.6 - 47.8 kpc for redshifts z = 0.005 - 0.45. Assuming
a velocity width of 150 km s−1 and emission at three times the measured rms in
contiguous channels, our 3σ HI mass detection limit at z = 0.48 is 1.8×1010 M .
This allows us to simultaneously have detailed HI maps at the lowest redshifts, and
the ability to identify individual detections of high HI mass at the highest redshifts.
The observations use 60 of the 64 available correlator subbands to achieve the desired
30,720 channels spread across 15 spectral windows each of 32 MHz of bandwidth,
for each observation. The edge 10% of the bandwidth in each spectral window have
greatly elevated noise as a result of processes during when the data go through the
VLA correlator. In order for this not to affect the final data product, we position
our observations at different starting frequencies such that any frequency channel
will only be an edge channel in less than 10% of the observations. This technique,
referred to as frequency dithering, allows us to have uniform sensitivity across the
entire 480 MHz.
The frequency range covered by CHILES is impacted by a variety of RFI
sources of varying magnitudes occurring at different frequencies. The lowest frequencies (approximately 960-1080 MHz) remain relatively RFI free, with the only
exception being a narrow spike of RFI at 1030 MHz. Similarly, the highest frequen29

Figure 2.1 The effective on source integration time as a function of frequency.

cies (approximately 1300-1420 MHz) are relatively RFI free with a notable exception
being a several narrow spikes due to GPS satellites and aeronautical radar. The frequency range in the middle (1080-1300 MHz) is the most severely affected range
with several different sources of RFI. This includes RFI from aeronautical radar,
GLONASS and GPS satellites, and communications from the nearby airport in Albuquerque. The time evolution of the effect of these RFI sources for the CHILES
observations are explored and characterized in Smith et al. (in prep).
The data were calibrated using the West Virginia University High Performance Computing Spruce Knob facility3 resources in a fully automated pipeline
(Pisano et al. in prep). In total, 856 hours have successfully been processed through
the calibration pipeline with some data excluded due to offline processing issues. The
data used in this work comprise 772 of these 856 hours. This discrepancy is due
to some sessions having strong RFI that force the continuum subtraction to require
more computing time than is available. In Figure 2.1, we show, as a function of
frequency, the effective integration time on source. The integration time was calculated simply assuming that every observing session had all available antennas. Our
3

Computational resources were provided by the WVU Research Computing Spruce Knob HPC
cluster, which is funded in part by NSF EPS-1003907.
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observing strategy used approximately 20% of total observing time for calibration
scans and setup. The upper limit on integration time seen across the bandwidth is
approximately 540 hours, which corresponds to a total on-source integration time
of 70% of observational time. This shows that for the low-RFI channels in addition
to the 20% of the data to calibration scans and observing overhead only a further
10% was lost due to antennas being out of the array and other online flags.

2.3 Imaging
2.3.1 Continuum Subtraction
The production of a usable HI spectral line cube requires all radio continuum
to be subtracted from the spectral cube used for HI analysis. There are three basic
ways in which continuum can be subtracted. In the nomenclature of CASA, they
are imcontsub, uvcontsub, and uvsub (McMullin et al., 2007). They are described as
follows:

1. uvcontsub: A purely visibility domain based continuum subtraction method
in which a polynomial is fit to the visibilities, and then subtracted off. Ideally,
this method would use only the HI line-free emission channels in the fit, but
this requires them to be known a priori.
2. imcontsub: A purely image domain based continuum subtraction method in
which a polynomial is fit to to each pixel in the image domain and then
subtracted off. Ideally, this method would use only the HI line-free emission
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channels in the fit, but this requires them to be known a priori.
3. uvsub: A hybrid imaging and visibility method. In this method a continuum
image is made and then the Fourier transform of the CLEAN components are
subtracted from the visibilities.

Each method has benefits and negatives associated with it, and oftentimes,
combinations of the methods are used to achieve optimal image cubes. For a summary of these tasks, and their strengths and weaknesses, as implemented in AIPS,
see Cornwell et al. (1992).
For the CHILES data, the use of uvcontsub is not optimal due to the fact
that it has lowered ability at removing sources far from the field center (Sault, 1994).
Normally, this is not an issue, but in the CHILES data, we are able to detect sources
beyond the first null of the VLA primary beam due to our excellent sensitivity. As
a result, the use of uvcontsub results in residual image plane artifacts. The use of
imcontsub is complicated by the fact that in order for it to be useful, we would need
to image and CLEAN a very large image for the whole database which is extremely
computationally expensive. Additionally, the sources are effected by the 17 MHz
sinusoidal ripple in the VLA primary beam response, and in order to account for
this, we would need to use either an extremely high order polynomial, which could
very well subtract real flux, or make enough cubes to properly sample the 17 MHz
ripple with straight lines, but that would still be imperfect and can lead to continuity
issues in fluxes. Additionally, both uvcontsub and imcontsub could be unreliable as
CHILES is a blind survey and we do not a priori know where the HI emission is. As
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a result, we could not exclude the HI emission from the fit we subtract off and may
incidentally remove real HI emission.
Radio interferometric surveys also often make use of a technique, “peeling,”
(e.g. MIGHTEE, Heywood et al., 2022) to remove sources beyond the half power
point of the primary beam that cannot be properly subtracted, due to the uncertainty and time variability of the telescope response at these locations. Peeling is a
process in which the continuum-free data, except for the source being worked with,
are self-calibrated with the troublesome source shifted to phase center, and then
subtracted. For a more in-depth description of peeling, and its implementation in
CASA see Williams et al. (2019). However, the problematic sources for CHILES
have lower fluxes than those to derive calibration solutions at the needed signal-tonoise (Cornwell & Wilkinson, 1981; Brogan et al., 2018).
This leaves us with the use of uvsub: which we use at two different spatial
resolutions. We start with high spatial resolution to subtract off the in-field source,
and then low spatial resolution to subtract off the out-of-field sources. We do the
subtraction in this order to retain computational efficiency. By first subtracting the
in-field sources, we make it less computationally expensive to subtract the sources
in the large image necessary for the out-of-field sources. Had we not proceeded in
this order, the CLEANing and subtraction of the larger image that encapsulates
the out-of-field sources would be debilitatingly long, as in order for the subtraction
to be the most effective, we would have to CLEAN the in-field sources as well. In
order to combine the observations, we average the data in gridded uv-space using
the CASA task msuvbin, described in Golap & Momjian (2016). This task takes, as
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Figure 2.2 Top: The continuum subtraction procedure executed on a per session
basis. Bottom: The data combination, and imaging procedure done using the
entire CHILES database.

inputs, the desired image-cube dimensions, in arcseconds and frequency, and then
uses these inputs to define the uv grid. The data for each input measurement set
are then placed on this grid and averaged. This allows us to condense our entire
database into a single measurement set allowing for easy manipulation and image
creation. Such averaging is essential for CHILES, and similar surveys, as it reduces
the data volume to a manageable size, while retaining high quality.
Below, we present the three step radio continuum subtraction, entirely contained within CASA, using three iterations of uvsub and an iteration of imcontsub.
The radio continuum subtraction and data combination method we implement for
the CHILES data is done on a per-session basis for the continuum subtraction, and
then combined in the uv plane and is performed in the following manner:
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1. We split off the target data from a full database, and spectrally average the
data by a factor 4, to a resolution of 62.5 kHz (13.2 km s−1 at z = 0). This
channel width is chosen because it is the finest resolution we require for our HI
analysis at the CHILES resolution and sensitivity. This produces the databases
on which steps two through four are performed.
2. We produce an image with a channel width of 2 MHz across the entire bandwidth, for the inner 1.14◦ of the field, at the native resolution, approximately
7.5” x 6”. For this image, we use a robust value of 0.5, and 512 w-planes to
correct for the curvature of the Earth (Cornwell et al., 2005). We provide a
CLEAN mask over known continuum sources and CLEAN down to the theoretical 1σ level within this mask. The Fourier components from this image
are then subtracted from the data using uvsub. This subtracts all continuum
sources in the database that are within the FWHM of the VLA primary beam.
3. We again create an image with a 2 MHz channel width across the entire bandwidth, but this time for a field that of diameter 2.84◦ , and using a Gaussian
uv-taper that creates a resolution element of 15”. For this tapered image, we
use 1024 w-planes to correct for the curvature of the Earth. We provide a
CLEAN mask over known continuum sources and CLEAN down to the theoretical 1σ level within this mask. The Fourier components from this image are
then subtracted from the data using uvsub. This subtracts the strong continuum sources in the database that are outside the FWHM of the VLA primary
beam.
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4. We, for the last time, create an image with a 2 MHz channel width across the
entire bandwidth, over a small region, approximately 8.6’, covering a strong
source approximately 3◦ south of our field, at the native resolution. For this
small image, we use a robust value of 0.5 and no w-planes. We provide a
CLEAN mask over the known continuum source and CLEAN down to the
theoretical 1σ level within this mask. The Fourier components from this image are then subtracted from the data using uvsub. This subtracts the last
remaining detectable continuum source in our field.
5. We then perform another run of the automated CASA flagger, rflag, on the
subtracted data, allowing us to flag more deeply than during the initial calibration. We combine the data for all databases in the uv-plane, performing an
on-the-fly Doppler correction before the combination, at the desired channel
width, and image size, using the CASA task msuvbin, producing an averaged
database in the LSRK velocity standard. We leave out data with |u| < 25m
to eliminate horizontal stripes in the image caused by RFI. This uv-database
is then imaged with tclean with the specified size and from the msuv bin step,
and a robust Briggs imaging weight of 0.5. This step produces an image cube
that spans the entire frequency bandwidth with the required specifics, which
for the remainder of this work, are a cube of 1200 x 1200 pixels of 2” size, and
3680 channels of 0.125 MHz width.
6. We run an implementation of imcontsub, with a linear fit, that is run over
the entire bandwidth of the cube. After this, we do any image post-processing
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necessary, such as that in Section 2.3.2 in order to produce a final data product.

Steps one through four are done with a single script and, on average, have a
run time of 20 hours and require 58 GB of memory. Using the WVU HPC Thorny
Flat4 , we can run 10 sessions simultaneously, which translates into a total run time
of 18.5 days to get all 222 sessions through steps one to four. Step five takes
approximately one hour for every session that is being averaged in the uv-plane,
which for the CHILES data translates to approximately 9.5 days, and requires, on
average, 256 GB of memory. Step six is completed in approximately 12 hours, and
utilizes 48 GB of memory. Therefore, from beginning to completion, for the entire
CHILES database, this procedure takes 28.5 days, and requires resources ranging
from 48 GB of memory to 256 GB of memory.
In Figure 2.2, we present the image processing as a flow chart, broken up
as the per-observation processing, and the combination and final imaging of all the
data. In Figure 2.3, we show examples of steps one through four for a single 2 MHz
channel, at 960MHz, for a single six hour observing session. In the first panel, we
show an image that represents a simple FFT of the data with no deconvolution
or continuum subtraction. This image shows significant side lobes from sources
both within, and outside of, the 20% point of the primary beam, indicated by the
black circle. In the second panel, we show the CLEANed image described in Step
2, in which the in-field sources from this image are subtracted. The sidelobes to
the extreme east and extreme west of the image are still present as the source they
4

Computational resources were provided by the WVU Research Computing Thorny Flat HPC
cluster, which is funded in part by NSF OAC-1726534.
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Figure 2.3 An example of the continuum subtraction routine on a single six hour
observation run, for a single channel, of width 2 MHz, with frequency 960 MHz.
In the top left: is he data before any CLEANing or continuum subtraction, in top
right: the same data after the in-field source subtraction and in bottom left: is the
data with the in-field sources subtracted and the out-of-field sources CLEANed. In
bottom right we show the CLEANed image of the source in the far south that is
subtracted from the data. In all plots, the black circle corresponds to the 20% point
of the primary beam of the VLA at these frequencies, and the greyscale is common
for all images, and illustrated by the greyscale bar to the right. For each image the x
and y axis are defined by the pixel offset from the center of the image. This changes
for some images as images 1,2,3 are of field center, while image 4 is centered on a
problematic source, and images 1,2,4 have 2” pixels and image 3 has 5” pixels.
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come from is outside this field. In panel three, we show an image after the CLEANed
image described in Step 3, where the sidelobes due to far off continuum sources have
now been properly mitigated. Panel 3 of Figure 2.3 is zoomed in to just encompass
the science field, in order that we may see that the sidelobes have been removed. In
actuality, this image reflects just the inner quarter of the image produced in Step
3. Lastly, in panel four, we show an image from this observing run of the source
that is subtracted in step four. This image shows how, quite remarkably, a source
3◦ away from field center can still be detected, and thus cause sidelobes that affect
the science field.
These panels illustrate how each step is necessary in the reduction of the
prevalence of imaging artefacts. An important reminder is that this is just a single
session, the full CHILES data base is more than a factor 10 times more sensitive
than this session. This means that any imaging artefacts seen in these images will
have appeared at a much more significant level in the full database, had we not
corrected for them with this routine.

2.3.2 Additional RFI Mitigation
In the spectral line cubes produced after our imaging pipeline, there are still
some lingering effects of RFI and imperfect calibration. Both of these effects are seen
in the image-domain as broad stripe-like features that stretch across the images. As
a result of their similarity, and the convenience of Fourier-transforms, we approach
these problems with a uv-plane mitigation technique. Any feature that appears as
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broad image-wide features will appear as sharp fluctuations in a Fourier transform
of the image. The uv-space mitigation technique we use, is an implementation of
the method introduced in VLA Memo 198 (Golap & Momjian, 2016), and further
explored in Sekhar & Athreya (2018). Rather than being done on the visibility data
in its CASA measurement set format, we use this adaptation on continuum-free
data, which we have produced following the completion of the six steps outlined in
Section 2.3.1, but would work on any spectral line cube. The adaptation we use
is completely native to Python, only requiring the NumPy package, is done on a
per-channel basis, and is described as follows:
1. Take a Fast-Fourier Transform (FFT) of the image plane data.
2. Flip each quadrant in uv space such that U and V = 0 are in the lower left corner, and average the four quadrants. There is some redundancy as quadrants
I and III, and II and IV are identical, but this does not affect the results, as
the threshold is chosen after the averaging and optimized to remove sources
and conserve flux.
3. Bin the data by absolute baseline length in increments of ten.
4. Calculate the mean and standard deviation in each bin.
5. Return to the FFT of the uv data and if the value in a cell is greater than 2σ
above the mean for the radial profile at that baseline length of the cell, we set
the point equal to zero.
6. FFT the uv-space data back into the image-domain.
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This technique has been implemented to be parallelized on a per-channel
basis, that can be run on on the WVU HPC, Thorny Flat, in approximately four
hours, and requires 48 GB of memory. In Section 2.3.2, we discuss the success of
this flagging method, and show examples of a channel before and after it is applied.

2.4 Results
2.4.1 Noise Properties
In order to validate the output of the procedure outlined in Section 2.3, we
can compare the empirical results to that of expectations. If they are similar, it is
an indication that the continuum subtraction has been a success. In Figure 2.4, we
show the range of all pixel values (top) and the ratio of measured to theoretical noise
(bottom) for all channels. Interestingly, in the bottom panel the ratio occasionally
dips to slightly below 1. We theorize that this is due to the fact that the SEFD used
in the theoretical calculation is not a 100% accurate measurement. This is because
there is some natural variation of SEFD from antenna to antenna, and while the
CHILES observations were being taken, antennas were being upgraded resulting
48% of our imaged data being observed with receivers that operate at a sensitivity
of approximately 87.5% the sensitivity used in the theoretical calculation (Momjian,
2017). As a result, we only consider a deviation in the ratio of 30% or greater as
significant, as any deviation lower than that could be a result of these somewhat
inaccurate use of SEFD measurements. There is some deviation greater than this
threshold at our lowest frequencies, but we believe this due to the fact that these
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Figure 2.4 Top: The range of all pixel values as a function of channel. Middle: The
r.m.s. and mean pixel value multiplied by 100 as a function of frequency. Bottom:
The ratio of measured noise to theoretical noise as a function of channel.

frequencies represent the extreme low end of the VLA L-band receivers where the
SEFD is least well-behaved and hardest to accurately calculate.
Simply having noise that is comparable to theoretical, however, is not the
only necessary indicator for science-ready data. An outstanding issue for deep radio
interferometric surveys is the presence of non-Gaussian noise. Non-Gaussian noise
is caused by calibration, deconvolution errors, and RFI, and can significantly affect
the scientific results of the data. To inspect this issue in the CHILES data, we show
the kurtosis value (the fourth moment of a distribution) as a function of frequency
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in Figure 2.5. The horizontal red line at a kurtosis value of three in Figure 2.5
indicates the expectation value for perfectly Gaussian data. Values of kurtosis that
are greater than or less than three indicate that the distribution has more or fewer,
respectively, extreme values than expected (Balanda & MacGillivray, 1988). The
spikes above 1300 MHz correspond to both HI detections, and their sidelobes as
this cube is unCLEANed, and a few channels in which the continuum subtraction
failed. The ripple seen at lower frequencies likely corresponds to the known 17
MHz ripple apparent in VLA data due to a standing wave on the antenna. This
ripple creates further issues in source removal which results in increases in residual
artefacts following the amplitude of the ripple.
Taken in conjunction, Figures 2.4 and 2.5 offer some insight into the complicated nature of the CHILES data. The kurtosis values indicate that the noise
in the data departs from Gaussianity, in several frequency ranges, most notably in
960-1060, 1100-1200, and 1300-1320 MHz, with the largest deviations at the lowest
frequencies. However, the noise ratio only significantly increases in the range 11501300 MHz. From these two facts, we can surmise that the data in the frequency
range 1150-1300 MHz suffers strongly from residual RFI and imaging artifacts, but
that the entire bandwidth suffers from these issues on a lower level. This second
point is key in understanding this dataset as it emphasizes the fact that we must
treat each HI detection with scrutiny to ensure it is not a serendipitous imaging
artifact.

43

Figure 2.5 We show the kurtosis value of of the CHILES data as a function of
observed frequency. The red line at a kurtosis value of three indicates the expected
value for perfectly Gaussian data (Balanda & MacGillivray, 1988).

2.4.2 Success of RFI Mitigation Technique
In Section 2.3.2, we discuss our implementation of the flagging technique
from Golap & Momjian (2016), and now we discuss its effectiveness for the CHILES
data. In Figure 2.6, we show the effect of the uvbin flagging method on the CHILES
data. The right-most panel of this figure shows the residual features that this
technique successfully eliminates from the image. The two clear residual features in
this image are the diagonal stripes across the image, and diagonal stripes emanating
from the corners of the images. The diagonal stripes are likely low-level RFI that
the automated flagging missed as part of the calibration pipeline. The diagonal
stripes emanating from the image corners are likely artifacts from the imperfect
calibration of sources at, and beyond, the half-power point of the VLA primary
beam. The removal of both of these effects is expected, as they can both be similarly
characterized as large-scale periodic variations across the image. As a result, they
appear similarly in the uv-plane and are successfully excised by our technique.
One potential pitfall of the technique we implement is that it could remove
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Figure 2.6 Left: A single channel input, before the flagging routine, with a r.m.s.
noise of 51.5 µJy beam−1 . Middle: The same data after the flagging routine has
been run, with a r.m.s. noise of 49.3 µJy beam−1 . Right: The difference between
the images before and after the flagging routine. Each image has a common color
scale, ranging from -0.3 to 0.3 mJy.

real HI emission. In Golap & Momjian (2016), the authors show that they were able
to flag the data while not affecting the HI emission. We do a similar test to additionally validate our procedure. In Figure 2.7, we show two spectra over the brightest
source in the CHILES data, one taken before the additional flagging (black line)
and one taken after (red line). The figure illustrates that these spectra are nearly
indistinguishable with nearly identical flux values in each channel. This confirms
that for a high signal-to-noise detection with significant flux, our implementation
does not remove any flux from the source just as the authors in Golap & Momjian
(2016) were able to show.
The rms noise in the pre-flagging image is 51.5 µJy beam−1 and is slightly
reduced in the post-flagging image to 49.3 µJy beam−1 . The artifacts visible in the
difference image that were successfully removed lie at, or below, the 1σ level, and
in the two images from pre and post the technique it is hard to detect the effect
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Figure 2.7 The spectrum taken over the brightest CHILES source with the cube
pre-uvbinned flagging (black line) and post-uvbinned flagging (red line). In both
cases, the spectra are taken in a cube with a beam of 900 and a channel width of 125
kHz. In many channels, the spectra are too similar for the differences to be noticed
in the plot, indicating that the HI emission was not impacted by the flagging.

of the technique by eye. However, it is crucial to remove these artifacts as they
can have a profound impact on source structure and characteristics. For example,
consider a potential detection at low signal-to-noise, 3σ emission per channel, that
lies on either the positive or negative peak of a 0.5σ ripple. When the flux is
integrated to calculate the HI mass, the integrated flux could have up to a ±20%
error due to the accumulated effect of the 0.5σ level ripple. Although this effect
becomes less pronounced at higher SNR, many of the scientific goals of CHILES
will be accomplished by exploring the low SNR regime of the data. This includes
detecting HI in the highest redshift galaxies, and the low column density gas around
nearby galaxies. Therefore, in order for our results to be robust and accurate, the
mitigation of these artifacts is crucial.
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2.4.3 Comparison to Other Techniques
As a benchmark, we compare our procedure to the results presented in
Dodson et al. (2022). In Figure 2.8, we show a comparison of the r.m.s. noise
using our procedure (black line) and the procedure in Dodson et al. (2022) (red
line). In Dodson et al. (2022), they present results of their technique applied to the
first 178 hours of CHILES data, but here we compare the results of the technique
applied to the full CHILES survey. However, application of the Dodson et al. (2022)
method to the full database used only the models created with the first 178 hours of
data. When models are created using the full CHILES database, and the differing
hour angle coverage between observing epochs, the continuum subtraction of the full
database will improve. The noise values are the average per-channel noise values
in cubelets of 96 channels of width 250 kHz (total bandwidth of 24 MHz), with
the cubes staggered every 20 MHz leading to some overlap. Figure 2.8 illustrates
that both techniques return similar results, they both have worse noise in the same
frequency spans, and are generally within 10% of each other.
The methodology in Dodson et al. (2022) properly accounts for the hourangle dependency of the VLA gain, and how that impacts the measured source flux,
but comes at the expense of being computationally expensive and requiring the use
of such machines as those available through Amazon Web Services, that also require
substantial financial investment (Dodson et al., 2016). The procedure takes a simpler
approach of simply fitting the flux that is found, rather than what ought to be there,
and subtracting it, and can be on a standard HPC with 96 GB of memory. Taking
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Figure 2.8 A comparison of the average r.m.s. noise in 24 MHz cubelets, with
channel width 250 kHz, for a cube produced following the procedure in this work
(black line) and the procedure in Dodson et al. (2022) (red line) applied to the full
CHILES survey.

this into account, the fact that Figure 2.8 shows that the methodology introduced
in this work is able to reproduce the overall data quality found in Dodson et al.
(2022) is a good testament to the effectiveness of our method. This demonstrates
that our technique is valid for the CHILES dataset, but as surveys push deeper and
achieve lower noise, differences may arise in the quality that the methodology in
this work produces versus that of the procedure in Dodson et al. (2022), and other
more sophisticated techniques.

2.4.4 Detection limit Implication
The previous sections highlighted the efficacy of the imaging, and now we
turn to how this impacts the possible HI science with CHILES. In Figure 2.9 (top),
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Figure 2.9 Top: The HI mass detection limit as a function of redshift for both the
measured (black line) and theoretical (red line) r.m.s. noise. Bottom: The HI mass
detection limit as a function of redshift for both the measured r.m.s. noise (black
line) and for the average HI mass resulting from 500 stacked galaxies (red line).
The x-axis error bars for the stacking detection limit correspond to the redshift bins
required to stack 500 galaxies in the CHILES pointing.

we show the 3σ HI mass detection limit for the observed and theoretical noise of
the CHILES observations. The HI mass limit is calculated by assuming a minimum
of 3σ unresolved emission in 3 simultaneous channels, in the center of the field.
This shows a a previously unachieved level of sensitivity at higher redshifts, with
our observations able to detect individual galaxies with log HI masses of 9.7 in the
redshift range 0.3 < z < 0.4 and galaxies with log HI masses of 10.0 greater than
0.4. In Figure 2.10, we show two HI detections, one at redshift z = 0.0286 (left)
and at z = 0.1215 (right), first published with with the first 178 hours of CHILES
data in Blue Bird et al. (2020) and Hess et al. (2017), respectively. The maps in
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Figure 2.10 Left: The HI morphology overlaid on the HST cutout image for the
galaxy COSMOS2008 ID 1197518. The HI contours correspond to 2.5, 5.0, 10.0,
20.0, 30.0 × 1020 atoms cm−2 . Right: The HI morphology overlaid on the HST
cutout image for the galaxy COSMOS2008 ID 969208. The HI contours correspond
to 2.5, 5.0, 7.5 × 1020 atoms cm−2 .

Figure 2.10 display that the application of our imaging procedure to the CHILES
data allows for the detection of extended complex HI morphologies.
In addition to individual detections, the CHILES data will be able to stack
galaxies with no directly detectable HI and produce a measurement of the average
HI mass in those galaxies (see Delhaize et al. (2013) for a detailed description of HI
stacking). To show the HI mass regime we could detect using CHILES, we show
a comparison between the 3σ detection limit for individual galaxies, and stacked
galaxies in Figure 2.9 (bottom). In order to calculate the stacking detection limit,
we first only consider galaxies that are within an 18’ radius of field center, to ensure
they are within the primary beam of the VLA, and are within our redshift range,
known by using high confidence spectroscopic redshifts from the Galaxy And Mass
Assembly (GAMA) groups reprocessing of COSMOS data (Davies et al., 2015). This
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resulted in a catalogue of 2517 galaxies. We then group the galaxies in 5 bins of
500 galaxies (neglecting the 17 highest redshift galaxies) and find the average HI
mass detection limit for the bin. If we assume our r.m.s. noise is purely Gaussian,
the detection limit of the stacked galaxies should then go by the square root of the
number of galaxies, if each input galaxy gets equal weighting, so we then divide
the average HI mass detection limit by the square root of 500. Figure 2.9 (bottom)
shows that at all redshifts we can stack galaxies such that we have an HI mass
sensitivity less than 109 M .
These results indicate that although the CHILES dataset may not produce
a plethora of individual detections above a redshift of 0.3 that stacking experiments
at these intermediate redshifts are likely to yield promising results. In Bera et al.
(2019), the authors have a stacked HI detection at these redshifts, with an HI mass
of 4.93 × 109 M , which is also well above the CHILES detection limit. Using
the ancillary data from the COSMOS field, the CHILES collaboration can therefore
expand on this initial finding using various galaxy properties as criteria for stacking,
which can then be used to study the time evolution of the atomic gas properties
of galaxies. However, due to the known systematic errors in our data, discussed
earlier, it is also essential to treat each stacked detection with scrutiny, and any
contributions from non-Gaussian errors.
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2.5 Conclusions
In this work, we have presented an imaging processing procedure suitable
for radio spectral line data that can be easily run on a standard HPC. Specifically,
this technique includes a three-step multi-scale spatial subtraction of radio continuum emission, per observing session. Additionally, we implement the uv-based data
combination technique introduced in Golap & Momjian (2016), allowing for speedy
manipulation of the entire CHILES observation. We also introduce an image artifact mitigation technique using binned uv data that is able to subtract low-level
artifacts from the data. These techniques have then are applied to 772 hours of the
CHILES survey, which includes data from all observing semesters that was able to
be properly calibrated.
We find that these techniques are able to reconstruct image cubes of the
CHILES data that have near theoretical noise properties, with deviation from Gaussian noise being most prevalent in the frequency range 1160 - 1260 MHz. Using the
measured noise in the images, we show that the CHILES observations will be able
to address a range of scientific inquiry, from detailed maps of nearby galaxies, to the
detection of galaxies at higher redshifts than have been able to be detected in HI
emission, and the investigation of the average properties of galaxies using stacking
methods.
As more deep HI surveys are undertaken, i.e. MIGHTEE-HI (Maddox et al.,
2021), LADUMA (Blyth et al., 2016), DINGO (Duffy et al., 2012), the techniques
used in this work can be used to help guide imaging processing procedures. Addi-
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tionally, this work highlights the existence of low-level image artifacts, and provides
a successful mitigation technique, that will continue to plague future surveys.
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Chapter 3
The CHILES Continuum/Polarization Survey
Abstract
We introduce and describe the CHILES Continuum/Polarisation (CHILES
Con Pol) Survey, a 1000 hour 1.4 GHz wideband full polarization radio continuum deepfield with the Very Large Array (VLA), made possible by being
observed simultaneously with the CHILES HI deepfield. CHILES Con Pol utilizes the four remaining VLA correlator baseband pairs not used by CHILES,
allowing for CHILES Con Pol to also have a 1000 hour integration time. We
discuss the observational configuration and calibration of the data, and discuss
the effect of Radio Frequency Interference on the observations. We present
the first total intensity image of the data which achieves an r.m.s. noise of 1.3
µJy beam−1 with a CLEAN restoring beam of 4.5” x 4.0”. This represents the
most sensitive L-band image ever taken, by a factor of approximately 4, at this
resolution and we discuss the scientific implications that this unprecedented
sensitivity enables.

3.1 Introduction
The observation of radio continuum emission can provide crucial measurements for understanding the evolution of galaxies across cosmic time. Radio emission can be used to used to estimate star-formation rates by means of the FIR54

radio correlation (Condon, 1992; Yun et al., 2001). The use of this relationship is
motivated by the scenario in which UV radiation from young bright OB stars is
absorbed by dust that produces FIR emission while supernovae from these same
stars produces non-thermal relativistic electrons moving within a galaxy’s magnetic
field producing radio synchrotron emission (Bell, 2003). Radio emission can also
arise from active galactic nuclei (AGN) forming large radio lobes that can interact
with the surrounding medium providing insight into the density and magnetism of
intra-galactic matter (Fanaroff & Riley, 1974; Hardcastle & Croston, 2020; Müller
et al., 2021). Additionally, the measurement of polarized radio emission can be used
to characterize magnetic fields, in environments spanning from the jets of AGN to
cosmological scales (Laing, 1980; Kolatt, 1998).
These physical phenomenon have been studied with several different largefield 1.4 GHz surveys of varying sensitivity and resolution, for example the NRAO
VLA Sky Survey (NVSS, Condon, 1992) which achieved sensitivity of approximately
0.5 mJy beam−1 with 45” resolution and the Faint Images of the Radio Sky at
Twenty Centimeters Survey (FIRST, Becker et al., 1995) which achieved a sensitivity
of approximately 0.15 mJy beam−1 with a resolution of 5”. Currently, the VLA is
undertaking the Very Large Array Sky Survey (VLASS, Lacy et al., 2020) which is
expected to achieve 70.4µJy beam−1 with 2.5” resolution. These large-field surveys
have been able to detect many thousands of different continuum sources at different
flux levels, and resolutions and total size extents. These large-field surveys are ideally
complemented by a radio continuum survey that has both excellent resolution (<5”)
and sensitivity (<2 µJy beam−1 ), which would be able to probe the radio continuum
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physics of specific sources out to higher redshifts, with better sensitivity.
To achieve this, such a survey requires a significantly longer integration per
field and thus would likely be limited to a single field. For such a survey it is also
critical that there exists significant observational coverage across the entire electromagnetic spectrum. As a result, it is the natural decision to conduct a deep radio
survey that overlaps with the COSMOS field, a 1.4◦ x 1.4◦ equatorial field that has
extensive multi-wavelength coverage (Scoville et al., 2007). The COSMOS field has
observations that include low-frequency radio coverage (Smolčić et al., 2014; Schinnerer et al., 2007; Smolčić et al., 2017), the sub-millimeter and infrared (Le Fèvre
et al., 2020; Oliver et al., 2012), the near-infrared and optical spectroscopy (Capak
et al., 2007; Le Fèvre et al., 2015; Davies et al., 2015) and imaging (Grogin et al.,
2011; McCracken et al., 2012), and the ultraviolet and xray (Zamojski et al., 2007;
Civano et al., 2016; Marchesi et al., 2016). Additionally, using this extensive multiwavelength coverage the COSMOS team has catalogues with hybrid measurements
such as NUV-R, and derived properties like spectroscopic and optical redshifts and
stellar mass (Davies et al., 2015; Laigle et al., 2016).
The COSMOS field has been previously observed in 1.4 GHz regime by the
Very Large Array (VLA) by Schinnerer et al. (2007) with the VLA in its most
extended (A) configuration and second most compact (C) configuration, and they
achieved an r.m.s. noise of approximately 10µJy per 1.5” beam. The project was
granted 240 hours and was a mosaic across the entire COSMOS region. More recently, the COSMOS field was observed by the MeerKAT International GHz Tiered
Extragalactic Exploration Survey (MIGHTEE, Jarvis et al., 2016) using the new
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South African MeerKAT telescope. The MIGHTEE survey is a single pointing that
encompasses most of the COSMOS field (due to the significantly larger primary
beam of MeerKAT compared to the VLA) and a mosaic over the XMM-Newton
Large Scale Structure field. They produce images that have a factor ≈5 worse resolution than in Schinnerer et al. (2007), but a factor ≈5 better sensitivity (Heywood
et al., 2022). Additionally, MeerKAT has been used to obtain deep observations of
areas of the sky other than COSMOS. In Mauch et al. (2020), the authors introduce an L-band survey of a southern field, DEEP2, in which they achieve 0.55 µJy
beam−1 per 7.6” resolution unit, allowing them to push the source density studies
of the faint radio sky.
In this chapter, we introduce the CHILES Continuum Polarization (CHILES
Con Pol) Survey, a full polarization 1.4 GHz radio continuum survey taken by the
VLA in its second most extended (B) configuration with 1027 hours of total integration. The CHILES Con Pol survey is taken simultaneously with the CHILES survey
and is a single pointing (≈0.25 square degrees) coincident with a section of the COSMOS field. The observations were expected to, and successfully yield images with
an r.m.s. noise of ≈1µJy and resolution of 4.5”, making them the most sensitive observations of this resolution in L-band. In Section 3.2, we discuss the survey design
and instrumental set-up, and in Section 3.3, we describe the calibration, imaging,
and Radio Frequency Interference environment of the observations. In Section 3.4,
we show the total intensity image of the field and discuss the applicability of the
data to different scientific pursuits and in Section 3.5, we discuss our results in the
context of other radio continuum surveys of COSMOS.
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Observation Parameter
Target Pointing
Observation Dates
Total Integration Time
Bandpass Calibrator
Complex Gain Calibrator
Dump Time
Spectral Window Setup
Channel Width

Value
10h01m24s +02◦ 21’00”a
2013/10/25 - 2019/04/11b
1027 hrsc,d
3C286
J0943–0819
8s
4 x 128MHze
2 MHz

Table 3.1 A table summarizing the parameters of the CHILES Continuum Polarization Survey.
a

In the J2000 coordinate standard.
The observations were taken over five different epochs, corresponding to five consecutive VLA-B
array configurations. This results in the observations being taken over different parts of the year
and having a mix of both day and night time observations.
c
The total integration time is split amongst the five observing epochs with 188, 220, 190, 237, 192
hours, respectively.
d
Individual sessions have total observation times ranging from 1 - 8 hours, with a mean time of
4.75 hours.
e
The frequencies for the first channel in the four spectral windows are 1000, 1384, 1640, and 1768
MHz, respectively.
b

3.2 Survey Design
The CHILES Continuum Polarization (CHILES Con Pol) Survey is a partner survey to the COSMOS HI Large Extragalactic Survey (CHILES) which aims to
study neutral hydrogen emission out to redshifts z ≈ 0.45 (Fernández et al., 2013,
2016). Additionally, The CHILES Variable and Explosive Radio Dynamic Evolution (CHILES VERDES) is a time domain project making use of the CHILES Con
Pol data products to explore variations on the timescales of days at an unprecedented sensitivity (Sarbadhicary et al., 2021). The CHILES pointing was chosen
to be coincident with the COSMOS field, in order that the surveys may be able to
use the extensive multi-wavelength coverage (Scoville et al., 2007), but also be free
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Figure 3.1 The CHILES Con Pol field, defined as the 50% of the VLA primary beam
at 1.4 GHz, overlaid on the COSMOS HST coverage (Koekemoer et al., 2007).

from strong continuum sources to reduce the impact of any residual calibration and
imaging artifacts. The pointing is centered on J2000 10h01m24s +02d21m00s, and
in Figure 3.1 we show the CHILES Con Pol field of view overlaid on an HST map
along with the footprint of the other multi-wavelength databases.
The CHILES field surveys were taken by the Karl G. Jansky Very Large Array (VLA) of the National Radio Astronomical Observatory1 (NRAO), a 27 antenna
radio interferometer operating from 0.2 to 50 GHz. In 2011 the VLA was equipped
with new wide-bandwidth receivers, including a new updated L-band receiver with
1

The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.
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modern electronics, as part of the Expanded VLA (EVLA) project (Perley et al.,
2011). Additionally as a part of the upgrade, was the new correlator, the Wideband
Interferometric Digital ARchitecture (WIDAR) which now allows for 64 independent subbands to be simultaneously observed, and subsequently processed, by the
EVLA (Carlson & Dewdney, 2000).
The spectral line CHILES observations require 60 of the 64 available subbands to achieve the desired 30,720 channels across 480 MHz of bandwidth. The
remaining four subbands have the capability for full polarization observation for 64
channels each. These channels chosen to have a width of 2 MHz to maximize the
total bandwidth observed, while also ensuring that our observations are not affected
bandwidth smearing. As a result, we observed four spectral windows of bandwidth
128 MHz for a total bandwidth of 512 MHz. These four spectral windows are
spread across L-band with the first channels in each spectral window being 1000,
1384, 1640, and 1768 MHz, respectively. These windows were chosen to properly
sample L-band while also avoiding regions that are known to be heavily impacted
by Radio Frequency Interference (RFI). The time averaging for the observations is
eight seconds to ensure that amplitude loss due to time averaging is minimal, while
also minimizing data volume.
The CHILES Con Pol observations were taken with the VLA in its second
most extended array form, the B-configuration. The VLA B-configuration has a
maximum baseline length of ≈11km, corresponding to an angular resolution on the
sky of 4.8” at 1.4 GHz. In Figure 3.2, we show the percentage of the total CHILES
Con Pol observations as a function of baseline length (left) and the percentages with
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Figure 3.2 Left: The percentages of total visibilities as a function of baseline length,
with the data put into bins of width 100m. Right: The percentages of total visibilities, using the same bins as the plot to the left, as a function of the angular scale
to which they are sensitive to emission.

the corresponding angular sky resolution (right). These percentages were taken from
the idealized case that no data was flagged due to RFI and that all 27 antennas were
functional for every observation. This is an approximation as it is known that RFI
will preferentially affect some baselines, and that some antennas are out of the
array for different observations. However, on average, Figure 3.2 is an accurate
representation of the distribution of baselines for the full survey. The VLA Bconfiguration was chosen as it it has the excellent resolution and can resolve the HI
kinematics in higher redshift sources, while also being less affected by RFI than the
more compact VLA configurations. Additionally, for the CHILES Con Pol survey
that will approach unprecedented sensitivity, if our resolution was any worse, the
data would have been fully confusion limited. As a result, the B-configuration allows
for increased source detection and characterization for the CHILES Con Pol survey.
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3.3 Processing
3.3.1 Calibration
The calibration of the data is done entirely using the Common Astronomical
Software Application (CASA, McMullin et al., 2007), using standard procedures
and diagnostics with CASA version 4.7, by a single individual and can be further
described in Golap & Momjian (2016). Before we begin the gain and polarization
calibrations, we perform a number of processing steps on the data that provide
an overview of the data and put ion the appropriate calibration format. They are
summarized and undertaken in the following steps:

1. We create a working directory, and download the VLA Observers Log, and the
data in its SDM-BDF format. The data us then imported into the standard
CASA measurement set format and we apply the online flags. The online flags
and weather are then plotted, and we save the initial flagging statistics. We
then split off the four continuum subbands from the full CHILES database
and remove the CHILES HI data and raw visibility directory.
2. We retrieve the specifics of the observations from the measurement set and
write out the channel number-frequency relationship for each spectral window. We calculate the antenna position corrections, and plot the antenna
positions and elevation versus time. We apply the zero-point, shadow, and
auto-correlation flags, and hanning smooth the data. We then flag two channels at the beginning and end of each spectral window, to mitigate the effects
62

from the edge of the bandpass, and flag the first scan after each field change,
to ensure the telescopes are on source for the entire scans that will be used for
calibration.
3. We create some intial plots for data inspection, specifically the amplitude
versus frequency for the two calibrators and target field. We set the model
for 3C286 using the L-band standard from Perley & Butler (2013) and the
position angle of 3C286 to 33◦ across the entire bandwidth. We then create
weblogs for the flagging, and the data overview plots made subsequent to this
step. Lastly, we create text files for manual flags and for the reference antenna,
spectral window and channel to be used in subsequent steps.
After these initial steps, we do the necessary gain calibrations. These calibrations make use of several tasks custom made for the reduction of this data,
specifically, (interpgain, Hales, 2016a) and (antintflag, Hales, 2016b). Additionally,
the gain calibration routine uses the custom task pieflag (Hales & Middelberg, 2014),
which we will describe in more detail in Section 3.3.2, in addition to the final flagging statistics for the target data. The gain calibration steps are summarized and
undertaken in the following steps:
1. Import the ionospheric corrections and generate the corresponding calibration
table. Create three dimensional plots of time and frequency as the x and y
axis, and amplitude as the color scale for all targets and spectral windows
for the RL correlation. Using these plots, select the reference channels, and
document and apply any channel or baseline flagging for all fields, and any
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time flagging for 3C286 and the reference channels, and report the flagging
statistics after this step.
2. Perform the initial phase calibration for 3C286 three channels wide around
the reference channel, plot the primary calibrator initial phase solutions, and
refine flagging, if required. Perform and plot the delay calibration, and refine
flagging, if needed. Do the bandpass calibration, plot the solutions, and perform any necessary additional flagging. We then do the final gain calibration
for 3C286, plot the solutions, and flag as required.
3. We do an initial amplitude and phase calibration for J0943-0819, again three
channels wide around the reference channel, plot the initial solutions, perform
any necessary flagging, and interpolate the gain when necessary to account
for any flagging. Next, we apply the bandpass, delay, and preliminary gain
calibration to J0943-0819 and perform additional flagging using pieflag.
4. We now do the final gain calibration for J0943-0819. We then plot the final solutions and perform any additional flagging, if need be, and finally, interpolate
the gain solutions on account of any of the additional flagging.
5. We perform and plot the per-spectral window cross-hand delay calibration
solutions, and do any additional flagging. Next, assuming zero source polarization, we perform, and plot the solutions of, the leakage calibration, and
perform any additional flagging. We then do the RL phase calibration, and
subsequently plot the solutions and flag as necessary.
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Figure 3.3 The percent of the total visibilities flagged for the entire CHILES Con
Pol database. The four panels of the plot represent the split for the four spectral
windows used in the observations.

Figure 3.4 Left: The percentages of total visibilities flagged per each 128 MHz
spectral window, and per the consecutive VLA-B configurations.Right: The percent
of total visibilities flagged per the consecutive VLA-B configurations.

6. We now scale the amplitude gains for J0943-0819 and plot the rescaled amplitude data. We then apply the full calibration to the two calibrators, and plot
and inspect the data. If the calibration is satisfactory, we apply the calibration
to the target field, and use pieflag on the calibrated data. Lastly, we create
plots of amplitude vs. frequency and uv-plane distance and report the final
flagging statistics.
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3.3.2 Radio Frequency Interference
The data were flagged on a per-session basis using the flagging agent, pieflag,
which is run in the CASA environment (Hales & Middelberg, 2014). pieflag runs
by comparing several different statistics on visibility amplitudes for each channel,
to a user-determined RFI-free channel, on a baseline by baseline basis. For a full
description of the algorithm see Middelberg (2006). This results in 21.6% of the
total target being flagged. In Figure 3.3, we show the percent of total visibilities
flagged per channel, where each of the panels corresponds to a spectral window. The
lowest frequency spectral window is clearly the most affected by RFI, which is to be
expected as those frequencies are intermittently affected by RFI caused by aircraft
navigation. Similarly, the evident RFI in the third spectral window is caused by a
known source, this perpetrator being weather satellites.
The CHILES Con Pol observations were taken in a variety of times of the
day, and season of the year. As a result, the different observing epochs have differing exposure to RFI sources and subsequent flagging statistics. The first and fourth
observing epochs were observed, generally, in the early morning near sunrise in late
fall/early winter, second and fifth observing epochs were observed in the middle of
the night in late winter/early spring, and the third epoch was observed in the late
afternoon/early evening in the summer time. In Figure 3.4, we can see that the flagging statistics for the observing epochs that were observed in similar seasons/times
are remarkably similar, as to be expected. Interestingly, the best RFI conditions
seem to be the early winter and early morning observations. The fact that the third
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observing epoch has the most data flagged is to be expected, as it was the most
susceptible to daytime RFI, and the later half of the observing epoch has additional
flags as a result of the field becoming closer to the sun and shorter baselines having
excess power as a result.

3.3.3 Imaging
The production of accurate, high dynamic range radio continuum total intensity images is a well studied problem. As surveys achieve higher and higher sensitivity, the largest source of errors in an the resulting images come from directiondependent effects caused by time, frequency and direction-dependent effects in the
telescope primary beam pattern, as well as antenna pointing errors (Heywood et al.,
2022). The effects of these errors appear as deconvolutional errors where a source
is unable to be CLEANed properly, and the total image has significant artefacts
from the PSF response to these sources. These errors become more pronounced
the further away from field center a source is, as these are the places in which the
telescope primary beam response varies the most, and the intrinsically stronger a
source is, as stronger sources produce stronger sidelobes from the PSF response.
Several different methods exist to try and counter this effect. One such
example is that of peeling, where the traditional approach is to subtract all sources
from the field, except for the problematic source, phase rotate the data to be centered
on this source, derive a direction-dependent calibration, and apply the calibration,
and then subtract the source from the data, and return the data to its initial pointing
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and calibration and return the sources to the field (Williams et al., 2019). However,
a technique such as this requires that sources be of a significant enough flux in order
that gain solutions can be calculated. The CHILES Con Pol problematic sources
have flux that does not meet this criterion for a single observing session, which is
the scale on which this must be done, but are still strong enough to produce image
artefacts.
In order for CHILES Con Pol to produce accurate, sensitive total intensity
maps, we pursue a novel approach for dealing with these problematic sources in radio continuum data. The approach we introduce below is done entirely with CASA
version 5.6, and was done using the West Virginia University High Performance
Computing Cluster, Thorny Flat2 , and takes approximately one week of computation using 96 GB of memory.
For each individual session, we create a square image with a side length of
1.7◦ with a Briggs robust value of 0.5, 1024 w-planes, four Taylor terms, and CLEAN
down to the 1σ level in the areas of known continuum sources. These sources are
then subtracted from the field. We then phase shift to a source far from the field
center and perform a uv-plane linear fit, per each spectral window, and subtraction
centered on this source. We repeat this twice more. The three sources these are
done for are far from the field center and due to calibration limits are unable to be
properly CLEANed. After this is done, we return the field to the proper phase center
and restore the CLEANed sources. When this is done for each session, we create
2

Computational resources were provided by the WVU Research Computing Thorny Flat HPC
cluster, which is funded in part by NSF OAC-1726534.
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a square image per observing epoch (see Table 3.1 for the breakdown of sessions
per epoch) with a side length of 1.7◦ with a Briggs robust value of -1.0, 1024 wplanes, four Taylor terms, and CLEAN down to the 1σ level in the areas of known
continuum sources. We then combine each of these images in the image plane using
an inverse variance weighted mean.
Using a uv-plane linear fit, per each spectral window is a unique solution
to problems in continuum imaging, but is well equipped for the issues we face.
First, doing the fit per baseline, spectral window, and time, allows for the fit to
aid in the correction residual calibration issues. As a result, doing a uv-plane fit
over troublesome sources far from the field center is akin to peeling, but instead of
self-calibration, we subtract out the continuum with a task that is able to counter
imperfect calibration. In this sense, our method belongs in the category of third
generation calibration techniques discussed in Heywood et al. (2022). Additionally,
in Chapter 2, we discuss how this technique is of limited use far from field center,
but our ability to phase shift the measurement set to the location of these sources
mitigates this pitfall, allowing the task to be of use for the goals of our continuum
imaging. As a result, it makes reasonable sense that the uv-plane fitting technique
is able to reconstruct images of CHILES Con Pol with excellent sensitivity and low
image artefacts.
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Figure 3.5 The primary beam corrected CHILES Continuum Polarization intensity
map at the resolution of 4.5” x 4.0”, with an approximate r.m.s. noise of 1.3 µJy
beam−1 , out to the 20% point of the VLA at 1.4 GHz. (left) The red dashed square
corresponds to the region shown in Figure 3.6.
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Figure 3.6 The primary beam corrected CHILES Continuum Polarization intensity
map at the resolution of 4.5” x 4.0”, with an approximate r.m.s. noise of 1.3 µJy
beam−1 , for the red dashed square indicated in Figure 3.5.
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Figure 3.7 The distribution for a limited range of pixel values for the an image
that has not been corrected for the VLA primary beam response. The red line
corresponds to the distribution of the values of the pixels and the black dashed line
corresponds to a Gaussian fit to the distribution. This fit gives a value for σ of
1.3µJy beam−1 which corresponds to the rms noise in the image.

3.4 Results
In Figures 3.5 and 3.6 we present the CHILES Continuum Polarization image
made from the full 1000 hours of total observation time. In the left panel, we show
the full field of view of the observations (the 20% point of the VLA primary beam
response at 1.4 GHz), and in the right panel we show a zoom in on the inner quarter
of field of view. In this field, we detect approximately 3000 sources that will be
characterized and matched with COSMOS multi-wavelength data in Gim et al. (in
prep). In Figure 3.7, we show the distribution of pixel values in a large image that
has not been primary beam corrected, in order that we may approximate the noise
in the image. By fitting a Gaussian to this distribution, we find that our map has
an r.m.s. noise of 1.3 µJy beam−1 .
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Figure 3.8 The 5σ detection limit for the CHILES Con Pol Survey for radio continuum derived star-formation rate (left) and the 1.4 GHz luminosity for AGN (right)
detection as a function of redshift.

The image presented in Figures 3.5 and 3.6 is of unprecedented sensitivity
and resolution, but is affected by several sources of systematic errors. The most
noticeable artifact in the image plane is a deconvolution failure around the extended
source at 10h25m and +2◦ 22’ (also shown in the bottom row of Figure 3.9). This
source is at the approximate 50% point of the VLA primary beam resulting in
an imperfect calibration. Additionally, there are some low-level spoke-like features
emanating across the image (from SE to NW) that are a result of sources beyond the
first null of the primary beam. Although these image-plane errors are noticeable,
we still achieve close to Gaussian noise, and theoretical expectation. Future data
releases will aim to address these issues, while also producing high fidelity maps of
other three stokes planes.
Using the image presented in Figure 3.8, we explore the capabilities of
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CHILES Con Pol to detect extragalactic radio sources. More specifically, we wish
to quantify the ability of CHILES Con Pol to detection star-formation using radio
continuum and to measure the radio component of active galactic nucleus. To show
this, in Figure 3.8, we plot the 5σ detection limit for star-formation rate (top), and
the 1.4 GHz AGN power (bottom) as a function of redshift. To calculate star formation rates, we use the Equation 16 in Murphy et al. (2011), which uses the FIR-radio
correlation, specifically the conversion factor from Bell (2003), and a Kroupa Initial
Mass Function (Kroupa, 2001), to relate star formation rate and 1.4 GHz luminosity.
These curves demonstrate the ability for the CHILES Con Pol survey to
detect both star-forming galaxies, and radio AGN, for the past 12.5 billion years.
For example, if we assume a conservative value of 1 M yr−1 for the star-formation
rate for the Milky Way (Smith et al., 1978; Murray & Rahman, 2010; Robitaille
& Whitney, 2010; Licquia & Newman, 2015), we would be able to detect Milky
Way type star-formation out to a redshift of one. Similarly, we would be able to
detect AGN at the level of M87, assuming a 200 Jy 1.4 GHz flux (Baars et al.,
1977; Feigelson et al., 1987), beyond a redshift of seven. These detections, and the
cross-matching of them with the existing COSMOS field multi-wavelength data, will
allow for explorations into radio continuum science for fainter luminosities and more
distant redshifts.
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Figure 3.9 The 1.4 GHz total intensity radio continuum maps for an interesting
likely AGN within the COSMOS (top) a 15 mJy source, the brightest source within
CHILES Con Pol, (middle), and the “earmuffs” galaxy (bottom), for CHILES Con
Pol, MIGHTEE (Heywood et al., 2022), and VLA-COSMOS (Schinnerer et al.,
2007), from left to right. The color bar on the far right applies to all maps and
each map has contours at the ±2n σ for n values 1-11, with σ corresponding to their
respective reported rms sensitivity.
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3.5 Discussion
To highlight the significance of the sensitivity and resolution of CHILES
Con Pol, we compare our total intensity image to those presented in other surveys in
the COSMOS field, specifically the Deep VLA-COSMOS Survey (Schinnerer et al.,
2007) and the MIGHTEE Survey (Jarvis et al., 2016). In brief, the VLA-COSMOS
survey is a mosaic over the entire COSMOS field at 1.4 GHz taken with the VLA in
A-configuration that achieves an rms noise of approximately 12µJy beam−1 at 1.5”
resolution (see Schinnerer et al. (2007) for further details). The MIGHTEE survey
is a single pointing, that is almost the entire size of COSMOS, with the MeerKAT
telescope at 1.4 GHz, that achieves an rms noise of 5.5µJy beam−1 at 5” resolution
(see Heywood et al. (2022) for more details).
We measured our rms noise to be 1.3µJy beam−1 at 4.5” resolution. This
translates to a factor four better sensitivity than MIGHTEE at similar resolutions,
and a factor nine better sensitivity than VLA-COSMOS, but at a factor three worse
resolution. These differences in sensitivity, survey size, and resolution result in
these three surveys being complementary data sets for different scientific pursuits.
CHILES Con Pol has better point source sensitivity than MIGHTEE and will therefore be able to better detect individual star-forming galaxies and AGN at higher
redshifts and will be less affected by confusion noise. However, the primary beam of
MeerKAT is significantly larger than the VLA, the are covered by the 50% point at
1.4 GHz is approximately 3.5 times larger, which allowed for MIGHTEE to probe
a larger area and observe interesting objects not seen by CHILES Con Pol, such as
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those in (Delhaize et al., 2021). Both MIGHTEE and CHILES Con Pol have better
sensitivity than VLA-COSMOS, but the excellent resolution of VLA-COSMOS allows for the data to be used to show smaller features, such as the complex structures
in AGN jets, such as the exquisite detail in jets of the “earmuffs” galaxy, an example
of a wide-angle head tail galaxy (Smolčić et al., 2007).
In order that to further compare our results to that of MIGHTEE and VLACOSMOS, we compare the three surveys for two sources in Figure 3.9. In the top
row of Figure 3.9, we show the CHILES Con Pol, MIGHTEE, and VLA-COSMOS,
respectively from left to right, images centered on an interesting extended source
present in all three images. In these, we see that all three surveys detect the extended
source, but that CHILES Con Pol also has more detections of point sources around
it than VLA-COSMOS, and of higher signal-to-noise than MIGHTEE. In the middle
row of Figure 3.9, we show images over the strongest in-field CHILES Con Pol source
(approximately 15 mJy at 1.4 GHz) for the three surveys. In the bottom row, we
see an example in which CHILES Con Pol has the strongest artefacts, demonstrated
by the negative residuals surrounding the positive flux. However, we are still able to
detect extended features at sufficient signal-to-noise compared to the other surveys,
as well as recover the point sources around the source, evident in both CHILES Con
Pol and MIGHTEE. The three surveys each show some residual imaging artefacts,
seen as stronger positive and negative contours surrounding the source, but these
artefacts are of a similar level indicating that each survey reaches similar acceptable
levels of accuracy in calibration.
The imaging approach we used in imaging our field is non-traditional, as
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opposed to the methods used for MIGHTEE and VLA-COSMOS. More specifically,
for MIGHTEE the team used second and third generation calibration techniques,
self-calibration and direction dependent mitigation techniques, in order to correct for
sources of error in their field (Heywood et al., 2022). Our utilization of uv-baseline
fitting and subtraction, a technique common for spectral line data (Cornwell et al.,
1992), of sources out of the field is significantly different. However, a comparison
of images show that our technique is able to just as successfully produce images of
high dynamic range, with artefacts from these sources being no higher than that of
those in the MIGHTEE data. One problematic source of ours, the aforementioned
“earmuffs” galaxy does continue to cause problems in our image, as it lies in our field,
so we are unable to use this subtraction technique as we would risk subtracting flux
from in-field sources. The data are, fortunately, only affected at the right ascension
of the source due to the sidelobes being limited to the north-south direction, due to
the fact that COSMOS is an equatorial field.

3.6 Summary
In this chapter, we introduced and described the CHILES Continuum Polarisation Survey. We discussed the survey design, specifically, the ability of the survey
to utilize unused resources from the CHILES survey, allowing for CHILES Con Pol
to obtain 1027 hours of integration time from the VLA in B-configuration. We
described our calibration and imaging routines and discussed the RFI environment
and mitigation techniques for our observations. Using these routines, we present
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the first total intensity image of the CHILES Con Pol data, which has achieved an
r.m.s. noise of 1.3 µJy per beam of size 4.5” x 4.0”, the best sensitivity, to date,
at this resolution. Our image is then discussed in the context of other 1.4 GHz
surveys of the COSMOS field, where we compare and contrast the image properties
of these surveys. Lastly, we discussed the scientific capabilities of this dataset to
probe galaxy evolution across redshift space using radio continuum data, at an unprecedented level. Future data releases will include images of all four stokes planes,
and in subsequent papers we will discuss the source identification and COSMOS
catalogue matching (Gim et al. in prep), as well as probing the properties of these
sources.
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Chapter 4
The Redshift Evolution of Galaxy’s HI Content in the Cosmic Web
Abstract
We investigate the evolution of the neutral hydrogen (HI) of galaxies as a
function of their placement in the large-scale structure (LSS) of the universe
out to a redshift of 0.45 using data from the COSMOS HI Large Extragalactic
Survey (CHILES). To identify the spines of the filamentary network that
create the cosmic web we use Discrete Persistent Source Extractor (DisPerSE)
and to measure average HI masses we implement a cubelet stacking routine
to be used for the CHILES data. We use an optically selected sample of
galaxies with accurate redshifts, stellar masses in the range of 109.0−10.5 , and
rest frame NUV-R color from -1 to 2. This sample is then divided into two
redshift bins, 0.13 < z < 0.29 and 0.30 < 0.47, that are further divided into
three bins of 0-2, 2-4, 4-20 Mpc from the cosmic web nearest filament. We
find that the HI mass and HI mass fraction increase significantly from z = 0.2
to 0.4 at all distances more than 2 Mpc from the spine of the cosmic web. We
speculate that this is being caused by the recent detachment of these galaxies
from the their primordial gas supply. We find little change in gas fraction for
those galaxies closest to the spine of the cosmic web in our two redshift bins.
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4.1 Introduction
We have long observed a clear distinction between star-forming (blue) and
quiescent (red) galaxies. The distinction can be seen in the near perfectly redblue bi-modal distribution of galaxies (Baldry et al., 2004; Faber et al., 2007), with
the exception of the rarer, so-called, “green valley” galaxies (Brammer et al., 2009;
Schawinski et al., 2014). These different galaxy populations have physical properties
that correspond to their differing colors, such as the color-morphology (Chester &
Roberts, 1964; Faber, 1973; Roberts & Haynes, 1994) and color-stellar mass (Baldry
et al., 2006) relationships, and the HI mass-NUV-R color relationship (Catinella
et al., 2010). Distinctions in these populations also arise in their large-scale environment, such as the morphology-density relationship Dressler (1980), and local
environment (Baldry et al., 2006).
Understanding the physical mechanism causing galaxies to lose their gaseous
reservoirs and transition from star-forming to quiescent is one of the most fundamental issues in forming a fully predictive theory of galaxy evolution. In the cluster environment, it is known that gas can be efficiently stripped from galaxies via
ram-pressure (Gunn & Gott, 1972; Kenney et al., 2004; Chung et al., 2009), and
harassment and strangulation (Larson et al., 1980; Moore et al., 1996; Bekki, 1998;
Bekki et al., 2002). Additionally, feedback from active galactic nuclei (AGN) has
been proposed and shown to provide sufficient energy to either eject or heat gas such
that stars can no longer form (Silk & Rees, 1998; Di Matteo et al., 2005; Fabian,
2012).

81

Recently, there have been an increasing speculation about the effect of a
galaxy’s placement in the large-scale structure (LSS) of the universe on its properties. The LSS has been observed in redshift surveys, first in de Lapparent et al.
(1986), and then in subsequent large redshift surveys, i.e. the 2-degree Field Galaxy
Redshift Survey (2dFGRS, Colless et al., 2001), the Sloan Digital Sky Survey (SDSS,
York et al., 2000), the 6-degree Field Galaxy Survey (6dFGS, Jones et al., 2009), the
Galaxy And Mass Assembly Survey (GAMA, Driver et al., 2011), and the COSMOS
Survey (COSMOS, Scoville et al., 2007). Recent work using large-scale dark matter
N-body cosmological simulations also reproduces a pervasive large-scale structure in
the universe (Springel et al., 2005; Popping et al., 2009). With these structure persisting through advancements in observations and simulations, it becomes essential
to compare the properties of galaxies within this context.
It has been shown that more massive galaxies with redder colors reside closer
to the spine of LSS filaments, as opposed to less massive bluer galaxies (Kuutma
et al., 2017; Kraljic et al., 2018; Laigle et al., 2018; Luber et al., 2019). There has
been work to investigate the cold gas content of galaxies as a function of their placement in the LSS (Kleiner et al., 2017; Crone Odekon et al., 2018). Additionally,
studies have shown the kinematics of a galaxy are correlated with its placement
within the LSS (Blue Bird et al., 2020; Tudorache et al., 2022). These results provide observational motivation for a theoretical model in which interactions with the
cosmic web can cause a change in gas content, such as the Cosmic Web Detachment
(CWD) model introduced in Aragon Calvo et al. (2019).
In this work, we use neutral hydrogen (HI) data from the COSMOS Large
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HI Extragalactic Survey (CHILES, van Gorkom et al. in prep) to further investigate
the role of the LSS in galaxy evolution as a function of redshift. CHILES is a 1027
hour survey of a single pointing of the Karl G. Jansky Very Large Array (VLA)
coincident with the COSMOS field in the VLA-B configuration, the second most
extended configuration. The full CHILES survey can both detect and resolve HI
emission from individual galaxies out to a redshift of 0.48, and is additionally well
posed for HI stacking experiments. The data allow for us to find the average gas
content of galaxies in different bins of redshift and distance from the LSS, something
previously impossible.
This chapter is structured as follows: In Section 4.2, we discuss the radio
spectral line and continuum data we use, as well as the ancillary data used from the
COSMOS Survey (Scoville et al., 2007). In Section 4.3, we outline the procedure for
HI stacking (Section 4.3.1) and radio continuum stacking (Section 4.3.2), and the
method by which we identify the large-scale structure of the universe and a galaxy’s
distance to these structures. In Section 4.4, we define the galaxy properties and
redshift ranges over which we conducted our stacks. In Section 4.5, we discuss our
results in the context of current observational and theoretical work and in Section
4.6, we summarize our findings.
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4.2 Data
4.2.1 CHILES Data
The CHILES data used in this work have been calibrated and flagged by
the automated pipeline presented in Pisano et al. (in prep). The data were then
continuum subtracted, imaged, and further flagged using the procedure presented
in Chapter 2. The HI cube used in this work has additionally been smoothed to a
common resolution 9” for the entire bandwidth which spans from 960 - 1420 MHz,
with a channel width of 125 kHz, and an image size of 40’.
In addition to the CHILES data, we make use of the CHILES Continuum Polarization Survey (CHILES Con Pol), which is full polarization radio survey
which utilizes the remaining capabilities of the VLA correlator that were not used
by CHILES. The 1.4 GHZ radio continuum map produced by CCP has an unprecedented r.m.s. noise, approximately 1 µJy, at a resolution of 4.5” x 4”. The
calibration, imaging, and data quality can be found in Chapter 3 and the source
characterization and COSMOS matching in Gim et al. (in prep).

4.2.2 Ancillary Data
Throughout this work we make use of the extensive multi-wavelength data,
and subsequent derived galaxy properties, made publicly available by the COSMOS
collaboration (Scoville et al., 2007). From the public COSMOS data, we use the
COSMOS2008 ID as well as the rest frame NUV-R color, and derived stellar masses,
presented in Laigle et al. (2016). In addition to the COSMOS data, we use spectro84

scopic redshifts from the Galaxy and Mass Assembly Survey (GAMA, Driver et al.,
2011), that were calculated after a reprocessing of COSMOS multi-wavelength data
in order to derive the highest possible confidence redshifts (Davies et al., 2015). For
the HI stacking done in this work it critical to have a-priori redshifts with errors
an order of magnitude less than the typical HI line width in the stack, in order
to ensure that we are able to correctly identify the expected line center of the HI
detection, and not smear the average spectrum Maddox et al. (2013). As a result,
in all input galaxies for the HI stacks in this paper we only use galaxies with the
highest confidence redshifts, by only selecting those with the suggested quality flags
in Davies et al. (2015).

4.3 Methodology
4.3.1 HI Stacking
In order to produce an accurate measurement of the average neutral hydrogen content of a sample of galaxies, we perform a cubelet stack with the following
specifications (for a detailed description of cubelet stacking see Chen et al. (2021a)
and for a demonstration of its capabilities see Chen et al. (2021b)):

1. Extract a cubelet centered in position and frequency on a source. We chose
to extract cubelets with 64 pixels in right ascension and declination, and 45
frequency channels.
2. Perform the appropriate primary beam correction by multiplying the entire
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cubelet by the primary beam correction factor for the predicted central frequency and pixel of the source, and multiply source by the distance (in Mpc)
squared to convert the cube into line luminosity units.
3. Produce an inverse variance weighted average stacked cube. In order to calculate the inverse variance weight, we use the cube before it is converted into line
luminosity units. This is to avoid down-weighting the sources at the higher
redshifts in the probed range. For a description of the different possible distance weights and their effects see Delhaize et al. (2013).
4. Produce an inverse variance weighted average point-spread function for the
channels used in the stack. This is done extracting PSF cubelets in the same
frequency ranges as the data cubelets and averaging them using the same
weights as in the previous step.
5. Perform a Hogbom CLEAN (Högbom, 1974) on the stacked cube using the
average stacked point-spread function on the channels with expected emission.
This is done by inspecting the cube and creating a mask over the identified
emission. We then clean the flux in this mask down to the 1σ level.
6. Fit a line to the channels identified as emission free and subtract it off. This
is to remove any remaining imaging artifacts that may have been prevalent in
the stack.

We chose to do a cubelet stacking, as opposed to spectrum stacking, due
to the fact that CHILES does resolve sources throughout our redshift range, and in
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order to produce an accurate HI measurement it is essential to CLEAN the stacked
detection (Chen et al., 2021a). The emission in each constituent galaxy of the stack
is unable to be CLEANed, due to the low signal-to-noise, but as the stack raises
the signal-to-noise of the detection it becomes essential to correct for the difference
between the point-spread function and the CLEAN beam. The HI mass for the
stacked detection is then calculate by measuring the flux in the region with emission,
corresponding to a box of approximately 60 kpc at the central redshift of the bin.
To calculate HI mass error, we find the flux in one thousand blank fields in the
stacked cube, calculating the respective masses, and report the standard deviation
of these masses in this distribution as the error on the HI mass measurement.
In principle, our stacked measurement of average HI mass could be affected
by unaccounted for galaxies that may lie within the beam of an input galaxy used
in the stack. This effect is referred to as source confusion. In Jones et al. (2016),
the authors modelled the effect of stacked source confusion for several HI surveys,
including CHILES, and they found that confusion introduces an error at the level
of approximately 2 × 108 M . This is the approximate level of the errors on our
measurements, thus confusion does not have a large effect on our results, but it
would if we probed galaxies with lower HI masses. Another possible source of error
in our stacked HI measurements could be the effect of RFI on the cubelets. In
Chapter 2, we discuss the noise properties of the CHILES image-cubes and the
residual artefacts in them, especially in the range 1170 - 1300 MHz. If we were to
stack to many spectra corrupted by RFI or other imaging artefacts, the potential
exists for our measured mass to be biased, either positively or negatively. To counter
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this, future improvements in our stacking procedure will be to leave out galaxies that
lie in either previously known bad frequencies, or those that are deemed unfit by
some statistical measure.
In order to validate our implementation of the cubelet stacking procedure,
we compare the measurement of our procedure using the CHILES data to previous
studies of average HI content at this redshift. In Rhee et al. (2016), the authors
produce stacks of galaxies towards the center of the COSMOS field (resulting in an
offset from the center of the CHILES pointing) with the GMRT for galaxies with
an average redshift of 0.37. The stack they perform over late-type, irregular, and
spiral galaxies yields an average HI mass of 3.83 ± 1.2 × 109 M . In Bera et al.
(2019), the authors used a new deep HI survey with the uGMRT taken over the
Extended Groth Strip. Using the first 117 on-source hours of their survey, they do
an HI stack of blue galaxies in redshift range 0.2 < z < 0.4, with an average redshift
of 0.34, and an absolute blue magnitude of cutoff of <-17. This produces a stack
with 445 galaxies that produces an average HI mass of 4.93 ± 0.7 × 109 M . Using
the same redshift range as Bera et al. (2019) and applying an NUV-R color cutoff
<2 to ensure we probe only blue galaxies, we perform a stack 803 galaxies with an
average redshift of 0.32, and we calculate an average HI mass of 2.30 ± 0.5 × 109
M .
Our stack, as well as that in Bera et al. (2019), have a sufficiently large
volume (line-of-sight length of the volumes exceeds 1000 Mpc) that homogeneity
should not be an issue, while the volume probed by Rhee et al. (2016), is significantly
smaller (line-of-sight length of the volume is 250 Mpc) which is on the border at
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which homogeneity is an issue (Yadav et al., 2010). Additionally, using the formalism
for cosmic variance in Moster et al. (2011), the level of error on number counts for
the stellar mass and redshift ranges we probe is of order 15% in the COSMOS
field, and would be a similar value for the Bera et al. (2019) study which used the
similarly sized Extended Groth Strip with a similar bandwidth. The study in Rhee
et al. (2016) uses a much smaller bandwidth, so as a result the error due to cosmic
variance is approximately double the error in the Bera et al. (2019), and the one
presented here. As a result of this, a comparison of the measurements in Bera et al.
(2019), Rhee et al. (2016), and this work beyond the 10% are difficult to interpret.
With these caveats in mind, both the measurement in Bera et al. (2019), and
our measurement are consistent with that of Rhee et al. (2016), but are inconsistent
with each other at more than the 3σ level. However, in Bera et al. (2019) they find
an average gas mass fraction for their sample of approximately 1.2. In our stack, the
average gas fraction is 0.74, which is closer to the value of 0.5 that they quote is the
expectation from the local universe using xGASS in the stellar mass range we probe
(Catinella et al., 2018). Therefore, with the agreement of local universe expectations,
and approximate agreement (within a factor two) with similar studies at the same
redshift but in a different field, we believe our cubelet stacking implementation can
produce the correct average HI mass for a sample of galaxies.
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Figure 4.1 The results of the HI stack for blue galaxies in the redshift range 0.2 < z <
0.4. Left: The spectrum taken over the region with emission. The black dashed
lines correspond the channels identified to have HI emission, and the red dashed line
corresponds to the rest frequency of HI. Right: The moment 0 map including only
channels within the blacked dashed lines in the left panel. The contours correspond
to ±2,3,4,5σ, as determined by the emission free channels.

4.3.2 Radio Continuum Stacking
As is the case with radio spectral line data, one can stack radio continuum
data for a sample of galaxies that are most probable to have the same cause of
radio emission, i.e. AGN or star-formation, and derive an average flux measurement
(White et al., 2007). In order to calculate average star formation rates for the
galaxies we use in the HI stack, we stack the radio continuum data from the CHILES
Continuum Polarization Survey. As is the case with The procedure we use is a
modified version of the HI stacking procedure. There is no need for us to do any
frequency shifting, and the radio continuum image has been cleaned to below the
threshold of the stack so no extra cleaning of the stack is necessary. Aside from those
two facets, each step in the stack is identical. To then use this result to calculate
star formation rates, we leverage the FIR-Radio correlation and use the equation in
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Murphy et al. (2011) that relates star formation rate and 1.4 GHz luminosity.
In Figure 4.2, we show an example of a continuum stack using the same
galaxies as in Figure 4.1, and calculate an average star formation rate 0.34 M yr−1 .
This measurement could be artificially inflated by the inclusion of radio continuum
from AGN, as opposed to star-formation. However, the fraction of galaxies we stack
that would be producing radio continuum from AGN is much lower than one, so
any contribution is likely within the actual errors of the measurement itself. This
value, similar to the HI, is approximately a factor two greater than that of Bera
et al. (2019), so as is the case with our HI stacking methods, we find this to be a
suitable verification that our stacking technique is successful. The radio continuum
stack shows no negative contours, and this persists down to slightly lower than the
-1σ level and is a result of the source density arising from the excellent sensitivity
of the CHILES Con Pol data. There are almost no regions in the field for which
CHILES Con Pol does not have a detection resulting in a positive noise bias for the
stacked image.

4.3.3 Defining the Cosmic Web
In order to investigate the effects of the large-scale structure on the universe
there are several different mathematical frameworks and algorithms used to properly
identify the filaments that constitute the cosmic web (see Libeskind et al. (2018)
for a review of different techniques). For this work, we use the Discrete Persistent
Source Extractor (DisPerSE) which is a scale-free topological algorithm that uses
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Figure 4.2 The results of 1.4 GHz radio continuum stack for blue galaxies in the
redshift range 0.2 < z < 4 0.4. The contours correspond to ±2,4,8,16σ

discrete Morse theory to compute the gradients in topological features and can return
the filamentary structure (Sousbie, 2011b; Sousbie et al., 2011). The filamentary
structure is defined as a system of critical points which can be connected to form
the resulting composite structure. DisPerSE has been used to identify large-scale
structure for several HI studies (Crone Odekon et al., 2018; Kleiner et al., 2017;
Tudorache et al., 2022) as well as studies using the COSMOS dataset (Kleiner et al.,
2017). In Luber et al. (2019), we use DisPerSE specifically for the CHILES field
within COSMOS to investigate the expected neutral hydrogen properties of galaxies
as a function of placement in the large-scale structure. Additionally, in Hess et al.
(2019) and Blue Bird et al. (2020), we use DisPerSE to compare the HI properties
of galaxies in groups, and the HI spin vectors for nearby galaxies, respectively, as a
function of their placement in the large-scale structure of the galaxies.
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Figure 4.3 The cosmic web as defined by DisPerSE for all COSMOS galaxies with
a high confidence spectroscopic redshift from GAMA. The x-axis corresponds to
a redshift range of 0.1 < z < 0.5. The y-axes correspond to the offsets from the
CHILES pointing center for the right ascension (top) and declination (bottom).

93

We apply DisPerSE to the COSMOS database using the GAMA spectroscopic redshifts (as described in Section 4.2.2) with the mirror boundary condition
and a critical point significance level of 4 (see Sousbie (2011b) for description of
these parameters and Luber et al. (2019) for examples of them with the CHILES
data). In Figure 4.3, we present the large-scale structure in the COSMOS field as
defined by our implementation of DisPerSE. In order to show the three dimensional
data, in Figure 4.3 we take two slices, one in right ascension (top) and one in declination (bottom), and plot each slice with-respect-to line-of-sight distance. Each
panel is not properly centered on zero for the y-axes as we centered them on the
CHILES pointing, which itself is offset from the center of the COSMOS pointing.
Crucial to this study is the accurate calculation of a galaxy’s distance to the
nearest filament, which is somewhat complicated by the fact that the output from
DisPerSE is a series of critical points that comprise a filament, rather than a smooth
analytic definition. In order to overcome this we calculate the distances to the
filaments in the following manner: We determine the filamentary structure critical
point in which a galaxy is closest to. We then find the critical point the galaxy is
second most closest to that is on the same filament as the first closest critical point.
If the galaxy lies between these two points we interpolate a line between them and
define the distance as the length of a line drawn from the galaxy at a right angle with
the interpolated line. If the galaxy is not between two points but resides beyond an
edge of a filament, we simply return the distance to the nearest critical point as the
distance from the filament to the galaxy. One possible introduction of error is the
defining of the cosmic web itself on an incomplete database. We use all spectroscopic
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redshifts when we define it, but this results in lower redshifts using low mass galaxies
in the defining that are inaccessible to the definition at higher redshifts. This could
potentially result in galaxies being defined as near a filament in the lower redshift
bin, but not the higher bin. However, we compared the distribution of galaxies
in the cosmic web at low and high redshift, and found them to be very similar,
illustrating that this effect is likely small.

4.4 Results
4.4.1 Distribution of Galaxies in the Cosmic Web
In order to investigate the impact of a galaxy’s distance to the filament on
its average neutral hydrogen content it is imperative to have an understanding of the
distribution of all the galaxies’ distance to the nearest filament. Knowing this allows
us to then select distance to nearest filament bins that both capture any interesting
science and produce achievable signal to noise for the HI stack. In Figure 4.4, we
present the distribution of galaxies for the entire COSMOS field (black line) and for
only the galaxies observable by CHILES (blue line) as a function of their distance
to the nearest filament. Reassuringly, they follow a very close relationship, ensuring
that the CHILES galaxies will be able to properly sample the distance to nearest
filament parameter space. The red-dashed line corresponds to a simple least-squares
fit the distribution of COSMOS galaxies with the function 1 - er/re , where re would
correspond to the effective radius of the filament. Using this fit, we determine the
50% point of the distribution of galaxies around the nearest filament as 3.03 Mpc,
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and indicate this with the dashed magenta line in Figure 4.4.

4.4.2 Input Stacking Galaxies
To produce a meaningful HI stack in different large-scale environments and
redshift ranges, we need to chose redshift bins and positions in the cosmic web bins
that can produce an HI stack of suitable signal-to-noise. In order to further constrain
the bins for the stack, we required at least one bin in distance from the filament to
be centered on 3.03 Mpc, with as many bins spanning distance from the filament
as possible. Additionally, we require at least two redshift bins within the redshift
range 0.1 < z < 0.47. With these constraints in mind, we found that two redshift
bins, 0.13 < z < 0.29 and 0.30 < z < 0.47, and three distance to the filament
bins, 0 < Df il < 2 Mpc, 2 < Df il < 4 Mpc and 4 < Df il < 20 Mpc, meet our
criteria and produce HI stacking detections of suitable signal-to-noise. We tested
the reliability of these detections by changing width and centering of the middle Df il
bin, which subsequently alters the other two bins. We tried a range of widths from
0.5 - 4 Mpc, and centers from 1 - 4 Mpc. For each of these modifications, the results
were broadly consistent leading us to conclude that the measurements are accurate
representations of the galaxies, and not serendipitous detections due to binning.
and found that they remained consistent with our reported results.
In order for our HI stacks in the selected Df il and redshift bins to be meaningful, we need to confirm that they are probing similar populations of galaxies.
This is essential, as we do not expect them to be necessarily similar. Galaxies that
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Figure 4.4 The distribution of galaxies as a function of their distance to the closest
filament for the COSMOS database with high confidence spectroscopic redshifts
from GAMA in the redshift range 0.1 < z < 0.5 (black line) and the galaxies
contained within the CHILES pointing in the same redshift range (blue line). The
red dashed line corresponds to an exponential fit to the COSMOS galaxies. The
magenta dashed line at 3.03 Mpc corresponds to the distance from the filament at
which 50% of all galaxies are contained, defined by using the model.
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Figure 4.5 The distribution of stellar masses and NUV-R colors for the six bins in
which we perform an HI stack. The vertical lines in each plot correspond to the
minimum, 25th percentile, 50th percentile, 75th percentile, and maximum values.
In the plots with open circles correspond to fliers in the distributions, those points
that lie more than 1.5x the interquartile range defined as the difference between the
third and first quartile.
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are closer to, or right along the spine of a large-scale filament are, on average, redder in color, and of higher stellar mass (Ricciardelli et al., 2017; Chen et al., 2017;
Luber et al., 2019). As a result, we limit our stack to only include galaxies with an
NUV-R color in the range -1 to 2 and a stellar mass in the range 109−10.5 M . In
Figure 4.5, we show the distribution of NUV-R colors and stellar masses for each of
the six bins we perform an HI stack. These plots illustrate that each bin is probing
similar ranges of NUV-R colors and stellar masses, have relatively similar values
for the respective averages, and have significant overlap in the ranges that contain
the 50% of the data. The NUV-R color and stellar masses are calculated using the
photometric redshift from Laigle et al. (2016), while for our stack we use the spectroscopic redshifts from Davies et al. (2015). This does introduce some ambiguity,
but we find that fewer than 5% of the galaxies have a difference greater than 0.02
in photometric and spectroscopic redshifts, which produces little effect in our final
analysis.
Using these well defined samples also help us counteract the effects of doing
this analysis with a flux limited sample. Our lower redshift bin, without the stellar
mass and color cuts, has many more known galaxies at lower stellar mass due to
the fact that the COSMOS survey itself is a flux limited survey. This would result
in a much lower average stellar mass and accordingly a much lower HI mass than
the galaxies in the higher redshift bin. However, the COSMOS survey is suitably
complete in the redshift ranges we probe beyond M∗ > 109 M (Davidzon et al.,
2017), allowing us to confidently probe all galaxies of these masses. Within each
bin, the fact that CHILES is flux limited is partly mitigated by the fact that we
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are using cubelet stacking to measure to average HI mass. Had we investigated
individual detections and then averaged those, our analysis would be biased toward
the higher mass galaxies in the higher redshift bin, but given that we achieve similar
sensitivity in each bin for our stack, this effect should be mitigated. However, our
stacks are still likely to be more sensitive to the higher mass galaxies in the higher
redshift bin, as more galaxies lie above the detectable threshold, but further work
is needed to quantify this effect.

4.4.3 HI Stacking Results
In Figure 4.6 and Figure 4.7, we present the results of the stacks in our
three Df il bins for the low and high redshift samples, respectively. For each bin, we
show the spectrum of the detection, taken over the region with identified emission,
and with the dashed black lines we indicate the channel range used to create the
integrated moment zero map in the left column. For each detection the peak stacked
emission is at least 4σ and each detection has emission in at least two adjacent
channels, of width 250 kHz, greater than 3σ. In each stack there is a slight offset from
the zero velocity point. This is due to the fact that the frequency axis was defined
from spectroscopic redshifts from Davies et al. (2015), which use the barycentric
velocity standard, while our cube was made in the local standard of rest velocity
standard. This produces the observed offset of approximately 20 km s−1 . In Figure
4.8, we show the 1.4 GHz radio continuum stack for the galaxies used to create
the HI stack, with the top and bottom rows being the low and high high redshift
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Figure 4.6 The HI line luminosity spectrum (left) and the integrated moment zero
map (right) for the low redshift sample of galaxies in the 0 < Df il < 2 (top), 2 <
Df il < 4 (middle), and 4 < Df il < 20 (bottom) bins, respectively. The black dashed
lines in the spectrum (left) correspond to the channels integrated over to produce
the maps (right) and the red dashed line corresponds to the HI rest frequency. The
contours in the moment zero maps correspond to ±2,3,4,5σ as measured in the map.
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Figure 4.7 The HI line luminosity spectrum (left) and the integrated moment zero
map (right) for the high redshift sample of galaxies in the 0 < Df il < 2 (top), 2 <
Df il < 4 (middle), and 4 < Df il < 20 (bottom) bins, respectively. The black dashed
lines in the spectrum (left) correspond to the channels integrated over to produce
the maps (right) and the red dashed line corresponds to the HI rest frequency. The
contours in the moment zero maps correspond to ±2,3,4,5σ as measured in the map.
In the middle row, the red dashed line indicating the HI rest frequency is not visible
because it is the same frequency as the upper bound for the total HI integration,
and thus is over-plotted by the black dashed line.
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Figure 4.8 The results of the 1.4 GHz radio continuum stack for each of our probed
bins. The top row is the low redshift sample, and the bottom row is the high redshift
sample. The columns represent the 0 < Df il < 2, 2 < Df il < 4, and 4 < Df il < 20
Mpc bins, from left to right, respectively. The greyscale in each panel is from -1 to
12 Jy beam−1 Mpc2 and the contours are ±2,4,8,16 times the r.m.s. noise in each
map, and the colorbar to the right is common for all maps.
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ranges, respectively, and the Df il bins increasing from left to right. Each continuum
detection is greater than 8σ allowing for us to well constrain the star formation rate
from this data.
In order to understand our HI and radio continuum stacking results, in
Figure 4.9 we plot average HI mass, HI gas fraction, and relative specific starformation rate (sSFR), as a function of distance to the filament. sSFR is defined as
the ratio of star-formation rate to the average stellar mass, and we define relative
sSFR as the difference between the average sSFR at that redshift, and the measured
sSFR in each bin. We do this to account for the fact that sSFR is increasing between
our two redshift bins. Therefore, a positive relative sSFR is defined as a higher sSFR
than average and a negative value corresponding to a lower sSFR than average. The
most obvious feature seen in Figure 4.9 is that as distance to the filament increased,
the average HI mass and HI gas fraction have a significant deviation between the
two redshift bins, with the higher redshift galaxies being significantly more gas rich.
There is also a discrepancy in specific star formation rate for the most isolated
galaxies, but they are still within 2σ of each other.

4.5 Discussion
In order to understand our measurements presented in Section 4.4 it is essential to place them into the context of previous observations and theoretical work.
This is not a straightforward task, however, as many of the different previous observational theoretical work have used different experimental designs, and approached
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the question of how the LSS effects a galaxy’s gas content, differently. For example,
one important consideration for any study of LSS is the manner in which the LSS
is defined. In Libeskind et al. (2018) they discuss this and compare the results of
many different techniques on a sample database. They do find significant agreement
between techniques, but also find some differences in the distribution of filaments.
Additionally, some studies have the ability to design their experiments with different
galaxy properties as controls, i.e. stellar mass bins, local densities, color cutoffs, etc.,
and these available controls can vary from study to study. Keeping these caveats in
mind, we discuss some qualitative similarities and distinctions between our findings
and that of other observational, and theoretical work.

4.5.1 Comparison to Other Observations
In Kleiner et al. (2017), the authors use the large-scale structure as defined
the 6degree Field Galaxy Survey (Jones et al., 2009), and HI data from HI Parkes
All Sky Survey (Barnes et al., 2001) to study the difference between HI gas to stellar
mass fraction in different LSS environments. To illustrate this they show the HI gas
fraction as a function of fifth nearest neighbor density for a sample of galaxies close
to the filament (Df il < 0.7 Mpc) and away from the filament (Df il >5 Mpc). They
find that the gas fraction only differs for galaxies that have a stellar mass greater
than 1011 M , with galaxies near filaments have a higher gas fraction. In Crone
Odekon et al. (2018), the authors define structure in the Sloan Digital Sky Survey
(York et al., 2000) field using an adaptation of the technique in Alpaslan et al.
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(2014), and HI data from the 70% of the ALFALFA survey (Giovanelli et al., 2005).
For their investigation, they look at HI deficiency (the deviation of measured HI
mass from a predicted HI mass, see Giovanelli & Haynes (1983) for a more complete
description) as a function of distance from the nearest filament. They find that
galaxies have a linear decrease in HI deficiency with increasing distance from the
filament, but the this trend flattens out for galaxies with a filament distance greater
than approximately three.
The results from Kleiner et al. (2017) and Crone Odekon et al. (2018) appear
to be contradictory, as they find HI enrichment and HI deficiency closer to the
filaments, respectively. However, the results were found in significantly different
manners. For example, they use quite different structure defining algorithms, which
could have a significant effect, and focus on different interpretations of structure,
namely that Kleiner et al. (2017) looks at filament vs. non-filament, and Crone
Odekon et al. (2018) looks at a gradient of filament distances, and the existence
of smaller filaments, referred to as tendrils, within the underdense regions. Crone
Odekon et al. (2018) also point out that the statistically significant difference that
Kleiner et al. (2017) finds is for galaxies with a stellar mass greater than 1011 M , a
range that Crone Odekon et al. (2018) points out that they have very few galaxies.
This could suggest that the results may not be contradictory, but probing different
phenomenon.
The work in Kleiner et al. (2017) and Crone Odekon et al. (2018) utilize
data from large-field local HI surveys, which provides them with powerful statistical
tools, but limits their studies to the local universe. The CHILES data has the
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Figure 4.9 Top: The average HI mass, as determined by the HI stack, as a function
of distance to the filament. Middle: The average HI gas fraction, defined as
hMHI i/(hMHI i+hM∗ i), as a function of distance to the filament. Bottom: The
difference of the sSFR per bin from the mean sSFR for the corresponding redshift
range, as a function of distance to the filament.

107

complementary feature that we have a single deep pointing covering an impressive
redshift range, but far lower galaxy numbers. As a result, it is difficult to make a
proper comparison between our results and this previous work, but there are several
observations that can be made. First, Kleiner et al. (2017) find that the gas content
of galaxies is only effected by the LSS in galaxies with stellar masses greater than 1011
M which we do not include in our stack. Secondly, Crone Odekon et al. (2018) looks
at the effect of density in different large-scale environments, which we are unable to
do to the limited sample size. With those caveats in mind, it would appear that our
results more strongly align with those of Kleiner et al. (2017). Our results indicate
that the galaxies not in close proximity to filaments are becoming more HI deficient
as the universe ages, and if we adopt the Kleiner et al. (2017) as a redshift zero point
to our analysis, it would continue the narrative that the galaxies are continuing to
become HI deficient. However, this is a purely qualitative discussion, and may
arise as a result of coincidence, or different fields and observational techniques, and
different galaxies probed, rather than actual physical phenomenon. That being said,
it does motivate future HI surveys that are both deep in redshift space and wide
area, which would allow for a proper low to high redshift comparison.

4.5.2 Comparison to Theoretical Predictions
To investigate how our results fit in with theoretical work, we look at our
results through the lens of the CWD model from Aragon Calvo et al. (2019). In
Aragon Calvo et al. (2019), the authors introduce a framework for galaxy evolu-
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tion in which galaxies are cut off from their primordial gas supply through cosmic
web detachment events (hence the name) such as a major merger, satellite galaxy
accretion, and an interaction with the LSS. They find that their simulation can reproduce the star-formation rate history of the universe (Heavens et al., 2004) with
cosmic web detachment as the mechanism in which stars lose their gas reservoirs,
and subsequently, their star-formation.
If we put our results in this context, we could interpret our result of a
lower HI gas fraction in galaxies with Df il > 2 Mpc, as evidence of ongoing cosmic
web detachment events cutting off the cold gas supply to galaxies. This possible
explanation is strengthened by the result in Aragon Calvo et al. (2019) that the
population of galaxies currently under going are galaxies with a dark matter mass
in the range 109.0−10.5 M (see their Figure 11), which overlaps with the mass range
we probe. The galaxies that lie closest to the spine of the filaments that appear to be
unaffected, in terms of their gas fraction, by redshift, may arise from the possibility
that galaxies that are that close to the spine of may have been streamed there after
undergoing a cosmic web detachment event.
Another theoretical context in which we could place our results, is that
of work introduced in Zhu et al. (2022). In Zhu et al. (2022), they perform a
hydrodynamical cosmological simulation run by the adaptive mesh refinement code
RAMSES (Teyssier, 2002) to investigate the effect of filament widths, and a galaxy’s
placement in filaments of different widths, on a galaxy’s ability to accrete gas to
further star-formation. They define filaments and separate them into two categories,
those with a diameter less than three megaparsecs and those with a width greater
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than three megaparsecs. They find that at redshifts less than 0.5, galaxies that
reside in thick filaments (those with diameter greater than three megaparsecs) are
being increasingly cutoff from the gas reservoirs in the filaments. However, this is
only studied in one simulation, as the authors point out, and will need future further
theoretical support.
Our results could be interpreted as reinforcing this idea, if we re-contextualize
our Df il parameter as also tracing the diameter of a filament. One drawback of DisPerSE as a filament tracing algorithm is that does not return the widths of the
filaments that it identifies, which forces us to not say how far a galaxy is from the
edge of a filament, but rather from the spine of a filament. With this in mind, we
could think of our galaxies that reside at larger distances from the spines of filaments
(our two larger Df il bins), as also likely being associated with the “thick” filaments
and our closer galaxies (the point with lowest Df il ) as likely being more associated
with “thin” filaments. In this viewpoint, our results provide observational support
for their theoretical claim in so far as we find that the gas fractions of galaxies are
decreasing between our two different redshift bins. They also find little evolution in
their “thin” filaments which could be supported by our apparent lack of evolution
for galaxies with the lowest Df il . Although this is an exciting comparison to draw,
it is less of a direct result, and more of a motivation for future HI surveys with more
coverage and sensitivity to try and reproduce the experiment in Zhu et al. (2022).
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4.6 Conclusions
In this work, we measure the average neutral hydrogen content of galaxies
as a function of their placement in the LSS of the universe in two different redshift
bins. In order to perform this measurement, we utilize high confidence spectroscopic
redshifts from the GAMA collaboration re-reduction of COSMOS multi-wavelength
data (Davies et al., 2015) and the scale-free topological structure finding algorithm
DisPerSE (Sousbie, 2011b) to define the large-scale structure in the COSMOS field.
We then use two redshift bins for investigation, 0.13 < z < 0.29 and 0.30 < 0.47, and
then further divide them into three bins of distance from the filament, 0 < Df il <
2, 2 < Df il < 4 and 4 < Df il < 20 Mpc. These bins are then populated with only
galaxies that have an NUV-R color between -1 and 2, and a stellar mass in the range
109−10.5 M . Using the full survey CHILES HI data and CHILES Continuum data,
we perform HI and continuum stacks for the populations in each of these bins in
order to derive average HI masses and star-formation rates. Using this design we
find the following results:

1. We find that the HI mass and HI gas fraction for galaxies in the high redshift
bin increase as a function of distance from the spine of the cosmic web. For
the galaxies in the low redshift bin, we find no correlation with distance from
the filament. For galaxies not directly on the filament, the galaxies at higher
redshift have a statistically significantly higher gas content. We find no obvious trend for specific star-formation rate excess in either redshift bin. The
most significant feature is that galaxies in the low redshift bin that are most
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separated from the cosmic web have a more excess star formation than those
at high redshift.
2. In comparison with similar HI studies on the effect of LSS in the local universe,
we find somewhat conflicting results. Our results our compatible with the
result Kleiner et al. (2017), in which they found high mass galaxies are HI
deficient further from the filaments, but conflict with the results in Crone
Odekon et al. (2018), where they find that galaxies close to the filaments are
HI deficient. However, this difference could arise from differences in controls
of experimental design, i.e. galaxies probed, structure defining algorithm, HI
sensitivity, etc., rather than an actual physical difference.
3. We discuss our results in the context of the Cosmic Web Detachment (CWD,
Aragon Calvo et al., 2019) model of galaxy evolution and find that our results
could be supported by that theoretical framework. The CWD model predicts
that galaxies in the stellar mass range we probe are increasing in cosmic web
detachment events between the two redshift ranges we probe which could cause
the lower HI gas fraction. Additionally, we find that our results could have
been expected based on the simulation results in Zhu et al. (2022), where
they find that galaxies associated in thick filaments are being cutoff from their
primordial gas supply in the redshift range we probe. This could explain why
our galaxies at farther distances from the spine of filaments are losing HI
between the redshift ranges.
These results highlight the importance of investigating neutral hydrogen in
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galaxies across all of redshift space. Experiments such as this one will soon become
easier and more informative as future surveys will have higher galaxy counts, larger
angular areas, deeper redshift coverage, and better sensitivity. These surveys will
be able to build on the results found here with more stacked HI measurements
and the comparison of individually detected galaxies across an increased redshift
space. Lastly, this work serves as a motivation into increased theoretical work in
understanding how the LSS affects the expected gas content of a galaxy. Increased
work in this area will allow future work to conduct one-to-one comparisons that can
be used to more thoroughly validate theoretical models.
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Chapter 5
Concluding Remarks
5.1 Summary
In this dissertation, we use radio L-band data from a 1000 hour integration
of a single pointing taken by the VLA, the longest integration to date, to investigate
the effect of the large-scale structure of the universe on the evolution of galaxies, as
a function of redshift. These data come from the COSMOS HI Large Extragalactic
Survey (CHILES), and the CHILES Continuum Polarization Survey (CHILES Con
Pol), which are two simultaneous surveys that observe neutral hydrogen emission
and radio continuum, respectively, in the COSMOS field. Such sensitive observations
as these require great care in their processing, and we devote two chapters of this
dissertation in discussion of the issues that arose and the techniques we used to
mitigate them.
In Chapter 2, we developed a radio interferometric continuum subtraction
and imaging pipeline that both has a quick completion time, and produces sciencequality HI cubes. Additionally, we successfully apply a Fourier filtering technique,
for additional RFI mitigation, on the HI cubes produced by our routine. The use of
this method for the entirety of the CHILES database on the West Virginia University High Performance Computing Cluster, Thorny Flat, takes 28.5 days and never
requires more than 256 GB of memory. Using these methods, we produce HI cubes
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that have rms noise close to the theoretical value, little radio continuum residuals,
and mostly mitigated RFI, with most artefacts being limited to the frequency range
1170 - 1300 MHz, which is the range most affected by RFI.
In Chapter 3, we introduced the CHILES Con Pol survey. We described the
survey design, calibration, imaging, and overall data quality for the total intensity
map. The total intensity radio continuum map is the most sensitive, to date, at
4.5” resolution. We compare our image to other deep radio interferometric surveys
of the COSMOS field, specifically the MIGHTEE and VLA-COSMOS surveys, and
find that CHILES Con Pol is the most sensitive by a factor of four at our resolution.
VLA-COSMOS has better resolution but lower sensitivity, and MIGHTEE has lower
sensitivity but a field of view four times larger than CHILES Con Pol. As a result, we
conclude these three surveys offer complementary view points of the radio continuum
sky, with each one being essential to a deeper understanding of galaxy evolution.
With the data presented in Chapters 2 and 3, and ancillary data in the
COSMOS field, in Chapter 4, we used stacking methods to measure the average HI
mass and star-formation rate for lower mass spiral galaxies as a function of distance
from the cosmic web, in two redshift bins. We did this by identifying the large-scale
structures, and then for each redshift bin, placing galaxies in three bins of distance
from the nearest filament, one bin that represents galaxies in the filaments, one for
galaxies on the cusps of filaments, and one for galaxies far from filaments. We found
that for galaxies not in the filaments, the galaxies in the higher redshift bin have a
higher average amount of neutral hydrogen. We use this to speculate that we are
observing cosmic web detachment events, for the galaxies we probe, resulting in a
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loss of continuous gas supply from the inter-galactic medium.
The result we find in Chapter 4 is a highly intriguing one, as it could be
providing evidence for certain theories of galaxy evolution. However, it is an early
result, and needs to be verified by future work from other HI surveys. As more high
redshift HI observations are made, we will be able to create both finer redshift and
distance to the LSS bins, allowing for a more in-depth investigation of the effect
of the LSS. Future HI surveys can use the fast continuum subtraction and imaging
methodology introduced in Chapter 2 to help further our findings. Additionally,
the total intensity image from CHILES Con Pol described in Chapter 3, and its
current status as the most sensitive radio observation with sub 5” resolution, will
guide future observations of the deep radio sky and probes of the confusion limit for
these resolutions.

5.2 Future Work
As surveys of high redshift neutral hydrogen, taken with multiple telescopes,
continue to be undertaken, the future of HI science is sure to be bright, and of high
signal-to-noise. Using results from CHILES, and data from future surveys that
will learn from CHILES, we will make direct comparisons of high redshift HI to
simulations of galaxy evolution, in order that we can more deeply understand the
astrophysics at play. This will be the first time that such a comparison of high
redshift neutral hydrogen detected in emission can be made with simulations. As
a result, this comparison will provide key insights into the astrophysical processes
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that are cutting off galaxies from their gas supply at different redshifts. Future
work using observations with the SKA will use the data imaging methodology, and
stacking analysis laid out in this thesis to understand these processes out to even
higher redshifts.
We will use the CHILES data to attempt to directly detect HI in the filaments of the cosmic web. To do this, we will use the same of definition of the LSS
and stacking methods in this dissertation, but instead of stacking galaxies, stacking
the parts of the filaments with no known galaxies. This will yield either a direct
measurement, or an upper limit, of the density of HI in filaments, which will be
an important parametrization on the evolution of the phases of hydrogen in the
large-scale structure of the universe.
Lastly, the CHILES and CHILES Con Pol databases will be used for more indepth studies of different RFI identification and flagging techniques, such as more
sophisticated machine learning techniques. These investigations are essential as
more sources of RFI continue to be created, affecting current and future HI surveys.
The next-generation of radio telescopes currently being designed and built need to
be prepared to combat the ever-worsening RFI environment and able to successfully
mitigate the RFI sources.
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Schinnerer, E., Smolčić, V., Carilli, C. L., et al. 2007, ApJS, 172, 46
Schmidt, M. 1959, ApJ, 129, 243
Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1
Sekhar, S., & Athreya, R. 2018, AJ, 156, 9
Shapley, H. 1918, PASP, 30, 42
Silk, J., & Rees, M. J. 1998, A&A, 331, L1
Smith, L. F., Biermann, P., & Mezger, P. G. 1978, A&A, 66, 65
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